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ABSTRACT 


Spontaneous secondary mutations of SUP6, a tyrosine-inserting ochre 
suppressor, were selected in a haploid strain of Saccharomyces cerevtsiae. 
Allelic recombination within the locus was studied by meiotic analysis of 
random spores as well as by gamma ray induction of mitotic recombination 
in all possible crosses of ten strains with mutant suppressors and a 
wild-type sup6” Strain. Recombinants were selected by selecting for 
restoration of the suppressor phenotype in strains with suppressible 
auxotrophic requirements. Meiotic analysis revealed the following 
characteristics of recombination at this locus. 
lise The recombination frequencies in two-point crosses were unsatis- 

factory as a criterion for mapping alleles within SUP6. However, 

a mathematical technique was devised for using meiotic recombination 

frequencies to obtain a map. The rates of gamma ray-induced mitotic 

recombination also proved to be unsatisfactory for mapping. 

a One of the two recombinant outside marker combinations was recovered 
more often than the other among selected intragenic recombinants in 
two-point crosses. Both classical crossover theory and current 
models of recombination predict that the allele order is that which 
makes the more common class the single exchange class. This 
criterion was used to determine an order for SUPG6 alleles which was 
incvermaily consistent. 

Oe The selected intragenic recombinants with outside markers in the 
parental configuration showed no evidence for a polarity of conver- 
Sion in) this: locus, that is, no -sradient of conversion from one end 


of the locus to the other. 
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4, There existed allele-specific and heteroallelic-combination-specific 
effects on intragenic recombination which could not be accounted for 
solely by the correction properties of the alleles. 

5. Among selected prototrophs, there were more products with the 
parental configuration of outside markers than the recombinant 
configuration. This was true for all allele combinations and the 
difference was .signaficant for most crosses. 

Tetrad analysis of one-point crosses of SUPG (either SUP6-1 x sup6” 
or SUP6-1 x supé-1-x) showed that for two of three SUP6 alleles tested, 
conversion was accompanied by outside marker recombination less than 50% 
of the time. This excess of parental over recombinant products confirmed 
the observation with selected recombinants in two-point crosses. A high 
frequency of conversion and very long conversion lengths, one-third of 
which extended into an adjacent marked locus, were also revealed by 
tetrad dissection. The conversion events predominantly involved one 
chromatid only, although there were probably some two-chromatid events, 
and some apparent’ four-chromatid events. Conversion on two pairs of 
chromatids occurred more frequently than predicted from the frequency of 
conversion events involving a single pair of non-sister chromatids. 
Independent conversion of linked loci showed no positive or negative 
interference and there was some indication of a lack of interference 
between crossovers in the region. The high conversion frequency accom- 
panied by a low recombination frequency between SUP6 alleles indicated 
that most conversion events covered the entire locus and did not stop 
between the alleles. 


The presence of dimer excision-repair defects in strains carrying 
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rad1, rad2, rad3, or rad4 mutations or the presence of other repair 
defects caused by rad16 and rad18 mutations did not drastically alter 
the pattern of conversion from that in wild-type strains. In particular, 
no changes in the frequency of correction of mismatched bases in me1otac 


recombination (seen as postmeiotic segregation) was noted. 
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INTRODUCTION 


Early descriptive work on the genetic consequences of recombination 
within a locus revealed certain patterns which provided the framework 
for general model building. The picture of eukaryote recombination 
which emerged involved the formation of hybrid DNA as a result of base 
pairing between complementary nucleotide chains from DNA molecules of 
different parental origin. The exchange was thought to be initiated 
aul deri xecdpOliteau tne end, Of a OCS. Mnelision Oo: 4, mutacLon ein 
this hybrid region would result in the formation of a mismatched base 
pair, and it was postulated that an enzymatic repair system could 
recognize the mismatch and correct 1t by excising and replacing the 
mismatched base on one strand. Reciprocal recombination of outside 
markers could follow from resolution of such a half-chromatid exchange. 

The diagrams in Figure 1A of the Holliday (1964) model of 
Fecombanation, 1ilustrate ONe way In which this sequence of events scould 
Eakesp lace. eMarkerseare ancluded So the genetic comsequences of such 
eVents May be, seen, Ihe interpretation Of the results presented in 
this study is based on a general model of recombination through hybrid 
DNA formation and mismatch correction, and the differences between 
models of this kind are generally not relevant. However, Figure 1B 
(adapted from Meselson and Radding (1975)) shows a configuration of a 
recombinant molecule with hybrid DNA of unequal length on the two 
chromatids as well as the capacity for migration of the crossconnection 
in either direction. This illustrates the large potential for variation 
in the characteristics of an event. as different parameters are allowed 


to vary independently. 
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hybrid region within 
which conversion may 
occur 


Figure 1. Diagrams of recombination mechanisms. 


(1) Before recombination. Each chromatid involved in the. recombin- 
ation event 1s represented by two lines of opposite polarity, 


believed to be the nucleotide chains of a DNA molecule. 


(31) Breaking and rejoining of the two crossed nucleotide chains 
Will pive a product with the outside markers in the parental 
CONTUMUPAtTLON s  SCISSLON er ene Outside strands will py veldsa 
Procuct recombinant for markers A and B. The mismatch created 
Dy Jiybuid DNA coverine the site ofvallele 2 may be excised and 


complementary bases inserted on one strand for one or both 


pairs of hybrid DNA molecules. 
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asymmetrical symnetrical 
hybrid hybrid 


dhe configuration before recombination is the same as in A. 


(i) The recombination event is initiated asymmetrically. A single- 
Strand break in one DNA molecule results in that stramd pairing 
with the complementary base sequence in another DNA molecule 
while DNA polymerase activity displaces the strand which 
Ii cia ved stile event mm ine wOLted Iinemrepresel tsa colOnmou 
mew DNAVSvuthesisS., -Hybrid DNA as asymmetrical, that as, 


TFESta cred tO. One cnuromacad. 


(ia) ande(@at)eyRearrancenenteom configuration (a jemay result yin 
Che formation Of Symmetrical hybrid (reciprocal) forma tron or 
hybrid on the DNA molecules of both chromatids). Simee the 
DOsition Of the outside and’ the bridging Strands can be 
interchanged in the model by rotation without bond breakage, 
confireuratizons (ii) and (111) are believed to be in rapid 
equilibrium. One will result im products with the outside 
markers in the parental cOnfipuration,.= the vother will geive 


recombination of outside markers. 
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Evidence that intragenic recombination is not predominantly a conse- 
quence of crossing-over between alleles came from studies in Ascomycetes, 
in which the products of meiosis are held together in the ascus. The 
isolation of individual asci from mutant x wild-type crosses occasionally 
gave 3 wild-type and 1 mutant spore or 3 mutant and 1 wild-type, rather 
than the expected 2:2 segregation (Zickler 1934: Lindegren 1953; Michell 
1955). Im studies of conversion which included markers on either side 
of the locus being analysed, it was shown that allelic recombination 
resulting from conversion of one allele in a two-point cross was highly 
correlated with recombination of outside marker genes (Stadler and Towe 
1963). This was true of conversion in one-point crosses as well 
(Kitani et al. 1962). Also, a large number of studies of random meiotic 
products in which intragenic recombinants were selected showed a high 
association of intragenic recombination with recombination of the outside 
markers. Small samples of tetrads with recombinant products from these 
same systems showed conversion to be responsible for much or all of the 
allelic recombination (for example, Case and Giles 1958b). The high 
association between conversion and crossing-over was an important con- 
sideration in model building. 

Another body of data which had to be accounted for was the property 
that a set of alleles could often be mapped using the classical criterion 
of the frequency of recombination between them. Crosses were performed 
between strains each carrying a different auxotrophic mutation in the 
same locus and prototrophs were selected among the meiotic products. 

The distances, measured in terms of recombination frequencies, were 
often reasonably additive, and thus it appeared as though allelic 


recombination involved some distance-dependent parameters. 
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On the basis of hybrid DNA models, the production of an allelic 
recombinant requires that the segment of the chromatid in which conver- 
Sion occurs cover one site and not the other. Distance-dependency 
indicated that the probability of a conversion length ending between 
two sites increases with greater separation of the sites, since conver- 
sions covering both sites will not result in the formation of a 
recombinant. The models provide for two distance-dependent components 
of recombination, hybrid DNA endings and excision-repair endings. If 
hybrid DNA is initiated at a fixed point and is variable in length, 
then the probability that one site will be covered by hybrid but not 
the other will depend on the distance between the sites. 

In addition, the phenomenon of co-conversion, that is, conversion 
of more than one allele in a gene in the same direction on the same 
Strand, indicated that correction takes place over a length rather than 
ata point (Case and Giles 1¥5ea 1964s Rezet and Rossirenol 19635; 

Fogel and Mortimer-1969). Since the ending of a Sepment of excision 
and resynthesis between two alleles may also generate a recombinant 
even if both alleles are included in the same hybrid segment, the 
excision endings are a second distance-dependent parameter contributing 
to recombination. 

Fincham and Holliday (1970) showed how the properties of these two 
components of recombination could explain a certain characteristic of 
fine-structure mapping, the phenomenon of map expansion (Holliday 1964). 
This is a term given to the common observation in intragenic mapping 
that the recombination frequency between two widely-spaced mutants 


exceeds the frequency obtained by adding the recombination frequencies 
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of more closely spaced mutants in the same interval. For the map order 
a-b-c, a-c > a-b + b-c. Mutants closer than the average excision length, 
if included in a single hybrid region, would generally be co-converted 
and thus generate no recombinants. In such a situation, recombinants 
could arise only from hybrid DNA ending between the alleles. At greater 
distances, correction could include one allele but not the other, and 
thus both hybrid and excision endings would contribute significantly to 
the production of recombinants, resulting in expansion of longer segments. 
It must be noted that not all loci studied have been found to be 
mappable by recombination frequency in two-point crosses. Kruszewska 
and Gajewski (1967) and Paszewski et al. (1971), working with Ascobolus 
immersus, showed that there were factors other than the distance between 
two alleles which determined the frequency with which one site was con- 
verted but noe the other, it was seen that chespresence of a second 
alleleminetwo-posnt Crosses efnected the occurrence or the properties 
of the recombination events. Stadler and Kariya (1969), in a study of 
the mtr locus of Neurospora crassa, found that inclusion of an additional 
Site of heterozygosity increased conversion and decreased the recombina- 
tion frequency between two alleles spanning this site. They explained 
this as the result of a nearby mismatch extending the correction length. 
Hastings (1975) interpreted this and several other marker effects as a 
change in the distribution of hybrid DNA. Any of these interpretations 
provides for distance-independent factors which contribute to recombina- 
tion frequency, and the extent of their contribution will determine the 


mappability of a locus. 


Another mapping criterion depends on the segregation of outside 
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markers among selected intragenic recombinants. In a cross of the form 
Al+B xX at2b, a++B is expected to be the more common class of prototroph 
with outside markers recombined. Classically, this genotype results 
from a single crossover, and in terms of recombination as a process of 
conversion and reciprocal exchange, it is the product expected from 
conversion of either allele accompanied by an adjacent crossover. The 
reciprocal class A++b requires hybrid DNA to have covered both sites 
with independent correction of the two alleles. Since this type of 
event will generate both classes of recombinants and hybrid covering 

one allele™ can generate only the single exchange type, the single 
exchange should be the more common product. In a tetrad it would be 
S€em ds 2 Crossover separated from the site ot conversion» Dysauc. 2 
Scereeaulon ©: unewotherm allele to give the tetrad = Altb/4>40/a+2G/a2705- 
There are examples in Weurospora, however, in’ which the near-equality of 
the two recombinant classes makes mapping by this criterion impossible 
(Pincham 1967; Stadler and Kariya 1969). 

The concept ®f a fixed breakage point at which the formation of 
Nyori@ DNA ds initiated arose from studies of allelic recombination 
between white-spored mutants of Ascobolus tmmersus. The work reported 
by iassouba et al. (1962)" ror two-point crosses of mutants 1m serdes 76 
showed that all intragenic recombinants in this locus arose from conver- 
SicieOretne site to the right. § Ihe preferential conversion om the more 
distal or the more proximal allele in two-point crosses sometimes seen 
in tetrads is explained by a gradient of conversion from one end of the 
docts'to the other. anduis referred tocds polarity. 


A conversion gradient also explains the frequently observed 
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inequality of the two parental classes of outside markers among selected 
random meiotic products (for example: Siddiqui 1962; Murray 1963). The 
parental arrangement of outside markers which entered the cross with the 
distal allele is consistently the more common among selected intragenic 
recombinants in some loci and the parent which entered with the proximal 
allele is the more frequently recovered in other systems. This suggests 
that when one allele is converted it is always the one to the left (or 
Teed a he 

Further confirmation of a fixed point of initiation comes fromthe 
work of Angel, Austin and Catcheside (1970) on the control of recombina- 
tion in Neurospora. This work involves the discovery and description 
of the cog locus which appears to be a region in which recombination in 
the closely-linked hzs-3 locus is initiated. 

There are other conversion phenomena which could only have been 
reveal.edsby tetrad analysis, 10M example, pustmeroulc serpreration. 
Postmeiotic segregation was first observed as the segregation of 
Spore-color Markers Ine the Lirse mitocte division atter melosis. in 
Sordarta fimicola (Olive 1959). This phenomenon was later seen in 
Neurospora crassa (Stadler and Towe 1963; Case and Giles 1964) and in 
Ascobolus tmmersus (Lissouba et al. 1962). The observation of 3:5 and 
5 seSeerevarions in 6 Spored ascii meanse that there were dirrerences in 
the two sister spores which came from the first mitotic division of a 
meiotic product. Conversion appears to have affected only half a 
meiotic product in those cases in which postmeiotic segregation has 
ere ee This suggests that chromatids have a two-stranded nature and 


that the two strands may differ at the end of Meiosis II. In the general 
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recombination model presented, these strands are the nucleotide strands 
of a hybrid DNA molecule. 

The work of Leblon and Rossignol (1973) supports the idea that 
postmeiotic segregation results from an uncorrected heteroduplex inter- 
mediate in recombination and that conversion is a process of correction 
of heterozygosity. They observed that an allele with a high frequency 
of postmeiotic segregation in one-point crosses showed decreased 
postmeiotic segregation when that mutation was coupled with one which 
had a characteristically low postmeiotic segregation frequency. These 
observations, interpreted in terms of mismatch repair, suggest that 
correction of the first mismatch took place under the influence of the 
Seconda by thiswanterpretativon, 1 appears that correction is induced 
by a heterozygous site in a hybrid DNA molecule and that correction may 
Starteae Ouessiiepandsextend tosanother, 

As was mentioned earlier, recombination models as they are now 
presen-cdaual loweror a oreat dealvor Llextbility and variation (Sobeli 
1972; Meselson and Radding 1975; Wagner and Radman 1975). Migration 
of the hybrid region and sections of symmetrical hybrid (hybrid DNA on 
both chromatids) and asymmetrical hybrid (hybrid DNA on one chromatid 
only) make it possible to accommodate the large amount of variation in 
patterns of recombination in different organisms and in different loci 
in the same organism. For example, the observation that the proportion 
of events which involve one chromatid only rather than symmetrical 
two-chromatid events varies from one system to another (Stadler and Towe 
1971; Leblon and Rossignol 1973; Kitani and Whitehouse 1974a) is 


compatible with any one of these models. 
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Since flexibility in models of recombination is necessary to accom- 
modate the extensive variation in the characteristics of recombination, 
fine structure mapping does not have as its objective the restriction of 
different parameters, for example, the amount of hybrid migration, the 
probabality and Jemeth of excision, or the amount Of asymmetrical and 
symmetrical hybrid, in order to define the universal recombination event 
more exectily. What may be sorted out by comparative studies are the 
properties error tie GE an Oreanisom'sS enzyme system, those arrected 
by the specific base sequence or the amount of heterozygosity im the 
region being studied, and those dependent on controlling elements of a 
cone, oOme Parameters May be free to vary imdependently and others will 
be dependent on each other or under common control, When the character- 
istics of recombination in an organism are familiar, the absence of an 
expected patter may lead to the separation Of other factors which have 
modified its expression. For example, in Ascobolus immersus, the absence 
OL polarity in gene 76 (Ressignol 1969) revealed allele-specriic efiects 
on conversion frequencies which masked polarity. 

Inveddttion, although the quantitative properties Of dit terene 
Darameters of recombindtion are expected to ditfer in different Ssystens, 
the descriptive genetic analysis of recombination does offer some 
information pertinent to the choice of one recombination model over 
another. For example, in both the Sobell (1972) and Wagner and Radman 
(1975) models, the initiation of recombination is a symmetrical event 
involving two chromatids equally. The results of Angel, Austin and 
Catcheside (1970) and Catcheside and Angel (1974) indicate very strongly 


that at least in Neurosporq, initiation 1s not necessarily symmetrical. 
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2og,—che region which appears responsible for the initiation of recombin- 
ation in the closely-linked hzs-3 locus may exist in an active or inactive 
form. Recombination in a heterozygous cog/cogr Strait ts Inttrated on 

the chromatid carrying the active cog” allele and; furthermore, conver- 
Sion of point mutations in hts-3 appears to be preferentially on the 
strand containing the active initiation region. 

Theres are’ a limited number of Studies of melotic intragenie recombin- 
ation in Saccharomyces cerevisiae. Because of the amount of variation 
possibile in different loci within an organism, one must be’ cautious 
about generalizing about mechanisms of recombination even in the one 
species. = iis study of the sre locus was undertakeniwithethe Knowledge 


gel 


Oise niche requency oOo; conversion (11% anther study of Hurst, Foo 


and Mortimer (1972)). SUP6-1 is a super-Ssuppressor mutation which causes 
the imsertion, 01 tyrosinear the position specitiaed by the ochre nonsense 
Codon UAA~ W(Gilmore, “Stewart and Sherman 1071). Because of the properties 
of this type of nonsense suppressor mutation in yeast, it was expected 
that these Voci specafied the production of tRNA molecules. However, 

only recently has it been shown that yeast suppressors of UAA (ochre) 

and UAG (amber) nonsense codons can suppress termination in an 7m vittro 
translation system and that this suppression is mediated by purified 

tRNA from suppressing yeast strains (Capecchi, Hughes and Wahl 1975; 
Gesteland etal. 1976) ) The original SUPS mutation to an ochre suppressor 
is thought to be in the anticodon of the tRNA, and therefore the wild-type 
allele at this position was designated as AC in this study. However, 
there is no direct evidence for this assumption. A discussion of the 


indirect evidence is found in a review article by Hawthorne and Leupold 
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(1974). SUP6 is located on linkage group VI and has the following 


linkage relationship to the other markers used in this study (Mortimer 


and Hawthorne 1973). Distances are given in percent recombination. 
ener EGE: Vi oe eR ec PURO Aco 108 
2/ 7 4 3 


The questions asked using this system were general ones, whether 
there were characteristics peculiar to a region of high conversion, 
what properties this locus had in common with others in this organism, 
how much heterozygosity and base sequence contributed to the high 
conversion properties of this tegion, and whether this could be developed 
aS a system Suitable for the study of allele-specific effects on 
different parameters of recombination. Secondary mutations of SUP6-1 
which had lost suppressor activity were easily selected. With these 
one could test whether the high conversion frequency and other character- 
Potlcseore thes locusewere allele-specific entects On tiesOmoimaleou. Go 
NuesAcron Oreproperties, of the Jocus. This was done by tetrad dissection 
of crosses of SUP6-1 by sup6é-i-x (a mutation of the suppressor). In 
addition, crosses homozygous for SUP6-1 or for supé" (the wild-type 
Honsuppressing allele) were perrormed in order to test whether hetero— 
zygosity at the suppressor locus was having an effect on.conversion at 
nearby loci. Pairwise crosses of secondary mutations of the suppressor 
were also made in the hopes of studying allelic recombination by tetrad 
dissection. However, the low frequency of recombination made it 
necessary to study allelic recombination by selection of recombinant 
random meiotic products. The information from these studies made it 
possible to compare the properties of SUP6 with those of other loci, 


properties often used in model building and selection. 
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There is another approach to the study of recombination which has 
been discussed by Radding (1973) and Clark (1974). This involves 
treating recombination as a metabolic process which may follow several 
different pathways that overlap extensively with replication, repair 
and transcription. The amount of overlap is not a constant, but varies 
from organism to organism. One method of studying this overlap is to 
look for pleiotropic effects of recombination- and repair-defective 
mutations. 

Several mutations in the dimer excision-repair pathway of 
Saccharomyces cerevistae were analysed in SUP6-carrying strains by 
tetrad dissection. Postmeiotic segregation, thought to result from 
uncorrected mismatches, is easily recognized in this system because of 
the red pigment produced by adenine-requiring cells. The excision of 
pyrimidine dimers from UV irradiated DNA is often used as an analogy 
FO COnVersLon asa process Of mismatch repair. Alchough there 1s) some 
evidence in prokaryotes for an interaction between dimer removal and 
presumed mismatch excision in transformation and phage reccmbination 
Systems (Deer: ler and Hoeness 1968: sBresler et sal. 1O71)5) the) two 
processes are probably only indirectly related, and thus not mediated 
by the same set of enzymes (Lacks 1970; Spatz and Trautner 1970; Guild 
and Shoemaker 1974). By checking whether conversion events were lost 
to postmeiotic segregations in these repair-defective strains, it would 
be seen whether the two kinds of excision share common steps in 
Saccharomyces cerevisiae. 

Two additional radiation-sensitive mutations which are thought to 


block first steps in other repair pathways were tested. The loss of 
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one step in the process of recombination if other alternatives are 
available may only change the proportions or characteristics of the 
events without blocking them entirely. Even in instances of shared 
steps then, repair detects might have only subtle eftects on recombina-— 
tion. However. these should be detectable in’a tetrad dissection system 
Capaple of revealing the Length, frequency and distribution of conver— 


sions and crossovers. 
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MATERIALS AND METHODS 


Media 
YEPD: 1% Bacto-yeast extract, 2% Bacto-peptone, 2% dextrose 
(2% Bacto-agar). 
=D YEPD> Yeast cxtract reduced trom 1% to 11%. All™other ineredi- 
StiUswd Surin PDs 
YEPG: 1% Bacto-yeast extract, 2% Bacto-peptone, 3% glycerol, 
ZoubactO-agar. ) Usedito tést for respiratory sutticiency, 
Defined medium: .67% Bacto-yeast nitrogen base without amino acids, 
2% dextrose (2% Bacto-agar). Adenine, arginine, lysine, histidine, 
methionine, tryptophan and uracil 20 mg; leucine 30 mg; threonine 350 mg 
in a) total of 100 ml stock solution added to a liter of medium. 
Omissaonemediazs |Definedemedium lacking one om mone of the above 
supplements. 
-MTh: double omission medium lacking methionine and threonine, 
used to score metl0-4. 
“ALT >) triple omission medium lacking adenine, lysine sand 
tryptophan, used to select for functional suppressors in haploid strains. 
-LT: double omission medium lacking lysine and tryptophan, 
Hseq eoeselect tor functionals suppressors 21 diploid strains. 
Canavanine medium: Arginineless omission medium plus 60 or 
200 mg filter sterilized canavanine sulfate. 
Sporulation media: 
Liquid: 1% potassium acetate. 
Solid: 1% potassium acetate, .25% Bacto-yeast extract, 


2% Bacto-agar. Supplemented as for defined medium. 
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Strains 


The origin and genotypes of the stocks used to construct all strains 
used in this study are listed in Table 1. The array of crosses performed 
is shown in Figure 1, and Table 2 lists the genotypes of the haploids 


given in this figure and referred to in the text. 


Selection of Secondary Mutations of suPé6-1 

The haploid strain Al4-2B (a, ade2-1, lysi1-1, trp5-48, can1-100, 
SUP6-1, metl10-4, ura¢-11) was grown in liquid defined medium lacking 
adenine, lysine and tryptophan to maintain selection for the suppressor. 
Then samples were put into tubes of liquid YEPD, allowed to reach 
Stationary phase, and plated on canavanine medium (200 mg/l). Canavanine 
Pestevcale COLONIES were picked | one per tube. sand) tiose: showing aestrmct 
requirement for adenine, lysine and tryptophan were used for further 


study. 


Sporulation and Dissection 

Wien me1otic}prodtcts were to be dissected, the haploid parents 
were maxed on solid YEPD and, wherever possible, replica plated toa 
multiple omission medium selecting for diploids. These were transferred 
to solid sporulation medium and left at 25° for four days or longer 
berore dissection, | When selection oF diploids WaS- NOt POSsible,. samole 
zygotes were usually picked by micromanipulation from the mating mixture, 
allowed to grow, then sporulated as above. Asci were digested with a 
one in twenty dilution of glusulase (Endo) at 37° for 15—30 minutes, 
then dissected with a De Fonbrune micromanipulator directly onto YEPD 


plates. In later experiments, .1 YEPD was used to facilitate development 
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TABLE 1 


Genotypes and origin of stocks used to construct strains for this study. 


X $417=32C: a; aspo-1, trp5-48, arg4-0, lys1-1, hts2, cedel4, SUP6-1, 
metl0-4, trp1, adel (Mortimer) 


1403; a; urad-117 (Magni) 
XV 162-2C: a; trps5-48, arg4-17, lysi-1, ade2-1, hom3s-10 (von Borstel) 
X 2280-4A: a; trps-48, hts5-2, lysi-1, ade2-1, uras-1, met, cani-100, 


SUP6-1 (Mortimer) 


K 932-44; a; ser (Mortimer) 
197/20: @) vad , ades—1" (Cox) 
Sy ciNe a; rad18-1 (Game) 


uvs 1-2: a; rad1-18 (Resnick) 
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28-1B 
14-28 


14-69: 


14-44: 


14-11B: 


14-93: 


14-109; 
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TABLES 2 


Genotypes of strains shown in Appendix I. 


a; ade2-1, lysi-1, trp5-48 

adeé-1, trp5-48, can1-100 

ade2-1, lys1-1, trp5-48, cani1-100, leu2! 
a; adez-1, lys1-1, trp5-48, can1-100 

a; ade2-1, lys1-1, trps-48 


ade2-1, lysi-1, trp5-48, can1-100, SUP6-1, met10-4, ura4-11 
ade2g-1, lysi-1, trp5-48, cami-100, his2, edel4 


ade2-1, lysi-1, trp5-48, can1-100, SUP6-1, meti0-4, leu2, 
ura4-11 


aded-1, liysi-1, trpo-48, cani-100, hvs2, edei4, leud, wraz-i1 


adeé=i, Wwei-1, trps-46, cani-100, his2, edel4, leuz 
a; SUP6-1, trp1, his2, cdel4, met10-4 (arg¢-0, trpo-48, 
Lela de 


SUP6-1, cedel4, his2, meti10-4 (trp5-48, lysi-1, arg4-0)? 
ade2-1, lysi-1, trpé-48, cani-100, his2, edel4, wurad-1i 


ade221, lysi-1, trps-48, cani-100, sUP6—-1, meti0—-2, tec 
ade2-1, lysi-1, trps-48, cani-100, SUP6-1, hts2, edel?, lewd 
ade2-1, lysi-1, trp5-48, cani-100, met10-4 

ade2-1, lysi-1, trp5-48, can1-100, his2 


ade2-1, lysi-1, trp5-48, can1-100, his2, ura¢-11 


1Zeu2 only in strain A 3-]* 


(Cont'd) 


Table 2 (Cont'd) 
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20-x: 


14-2A 
14-3C 


P5o-0G 
14-135 
153286 
bao es 
22-4¢ 
Janie 
6-4C 
iA 
8-8A 
9-2B 
10-13B 
11-48 
WHEGAE) 
13-5A 
819-18B: 
818-4C: 


817-1C: 


816-4A: 


816-4D: 


019-2A: 


018-2D: 


O1L7-SA; 


016-13B: 


O16-4A;: 


ade2-1, lys1-1, trpé-48, 
leud 


ade2-1, lysi1-1, trps-48, 


ade2-1, lys1-1, trps-48, 


adeé-1, lysi-1, trpé-48, 
ade2g-1, lysi-1, trpé-48, 


ade2-1, lys1-1, trps5-48, 


ade2-1, lysi-1, trps-48, 
urad—11 


ade2-1, lysi-1, trps5-48, 
ade2-1, lysi1-1, trps-48, 
ade2-1, lysi-1, trps5-48, 


ade2-1, lysi-1, trps5-48, 
leu2-1, rad1-18 


ade2-1, lysi-1, trps5-48, 


J 
ade2-1, lysi-1, trps5-48, 


ade2-1, lysi-1, trps-48, 
radi1-5 


ade2-1, lysi-1, trps-48, 


ade2-1, lysi-1, trp5-48, 
urag-11, rad1-6? 


ade2-1, lysi-1, trps-48, 


cani-100, 


eanl-100, 


eanl1-100, 


can1-100, 
ecani-100, 


eani1-100, 


eani-100, 


rad1-~18 


eani-100, 
ecan1-100, 


cani-100, 


eani-100, 


eanl1-100, 


eani-100, 


eani-100, 


eani-100, 


eani-100, 


5 ee) 


SUP6-1-x, hts2, cdel4, 


Leu2 


edel4, ura4-11 


teu2, urad-11 


met10-4, leu2 


metl0-4, leu2, urad-11 


hts2, edel¢, meti0-4, 


radi-18 
SUP6-1, met10-4, rad1-18 


his2, edel4, ura4-11, 


SUP6-1, met10-4, radi-18 


radi-§ 


his2, edel4, ura4-11, 


meti0-4, urad-1i1, raail-6 


a / nS) 
ese. edci4,. feud, 


met10-4, radi1-5? 


(Cont'd) 
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Table 2 (Cont'd) 


A 029-8B: 


A 028-8D: 


A 027-4D 
A 027-7B 


AO027-1 
A 027-7D 


AEO0SO= 2B: 


A 038-2B: 


A 037-SB 


A 036-6A: 


A 036-13C 
A 036-6C 


A 049-18D: 


A 048-1D: 


A 047-JD: 


A 046-SA: 


A 046-1B: 


A 046-4B: 


A 046-17C 


ade2-1, lysi1-1, trpé-48, ecan1-100, 


ade2-1, lysi-1, trp5-48, cani1-100, 
ade2-1, lysi-1, trps-48, ean1-100, 


ade2-1, lys1-1, trpé-48, ecan1-100, 
ura4-11, rad2-6 


ade2-1, lysi-1, ceani-100, rad3-2 
ade2-1, lysi1-1, trp5-48, cani1-100, 


ade2-1, lysi1-1, trp5-48, cani-100, 
rads-2 


ade2-1, lysi-1, trp5-48, cani-100, 
radé-2 


ade2-1, lysi-1, trp5-48, cani-100, 
ura4-11, rad3-2 


ade2-1, lysi-1, trp5-48, cani-100, 


ade2-1, lysi-1, trp5-48, cani-100, 
rad4-4 


ade2-1, lysi-1, trp5-48, cani-100, 
rad4-4 


ade2-1, lysi-1, trps-48, can1-100, 
ura4-11, leu2, rad4-4 


ade2-1, lysi-1, trp5-48, cani1-100, 


ade2-1, lysi-1, trp5-48, can1-100, 
ura4-11, rad4d-4 


ade2-1, lysi-1, trp5-48, can1-100, 
rad4-4 


rad2-1 


SUP6-1, met10-4, rad2-1 


hts2, edel4¢, rad2-6 


SUP6-1, met10-4, leu2, 


rad3-2 


Nie2,. coel4 teu, 


his2, cdel4, leu2, 


SUP6-1, meti0-4, 


rad4-4 


Aisa, edeid, leuc, 


HLS, 1CaCl4. Lena, 


GUPC=2, menl0-2, 


his2, edel4, rad4-4 


hits2, edel4, tleu2, 


SUP6-1, met10-4, 


(Cont'd) 
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Tab leecrrGonu'd) 


AwlGo220Cs 


A 168-5SD: 


A 167-28B: 


A 167-29A: 


A 189-3B 
A 188-1B 


A 187-3B: 


A 186-13D 
A 186-3A 


A 186-3B: 


ade2-1, trp5-48, lys1-1, can1-100, rad16-1 


ade2-1, trp5-48, lysi1-1, can1-100, his2, edel4, leu2, 
radi6-1 


ade2-1, lys1-1, trp5-48, can1-100, SUP6-1, meti10-4, 
rad16-1 


ade2-1, lysi-1, trp5-48, cani-100, his2, edel4, leu2, 
ura#-11, radlé-1 


ade2-1, lys1-1, (trp5-48?), rad18-1 


ade2-1, lysi-1, trp5-48 , cani-100, his2, cedel4, rad18-1 


ade2-1, lysi-i1, trp5-48, can1-100, his2, edel4, leu2, 
urag-11, rad18-1 


ade2-1, lysi-1, trp5-48, cani-100, SUP6-1, met10-4, 
rad18-1 
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of the red color in adenine-requiring strains. 

Plates on which the dissections were performed were allowed to grow 
at 25° then replica plated directly onto the appropriate media to test 
for auxotrophic requirements and temperature sensitivity (YEPD incubated 
at OG.) Tetrads with conversion were generally picked and retested to 
confirm their phenotypes. When sectors of red color indicated post- 
meiotic segregation for SUP6-1, both parts of the sector were picked and 
retested. Spores were classified as having undergone postmeiotic 
segregation only if all unlinked alleles were identical in the two 
segments. Because of growth differences between strains with and 
without suppressors, that is, suppressor-carrying strains grew more 
Slowly on YEPD but were at an advantage Onedéerined ate Sectors were 
NOtatrequired to, be equal 1neSize to indicate pos tmelorre sseprepation. 
However any sector less than one-eienth the size of the colony was 


ignored. 


Mating and Sporulation for Random Spore Analysis 

Haploid strains with independently isolated secondary mutations of 
SUP6-1 were grown to log phase in liquid YEPD on a shaker at 25°. 
Ines tho parents were mixed and fert Shaking ‘or several nouns, wien! 
they veached tate log or early stationary phase. These mated cultures 
were washed and resuspended in 1% potassium acetate. They were kept 


sliaking vieorously 1on tour days or more) berore: processing. 


Preparation of Spore Suspension 


Sporulated cultures were washed and resuspended in .3 ml .5M Tris 


(pH 8.8) plus .05 ml undiluted glusulase, The mixture was incubated for a 
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minimum of one hour at 37°. This suspension was washed and resuspended in 


5ml water. A French Pressure Cell (Aminco, rapid-fill and manual-fill 


models) was sterilized either by passing steam through the cylinder for 
10 minutes and allowing to cool or by leaving a 1% Roccal solution in 
the cell for 20=-30 minutes, then flushing with ‘sterile distilled water. 
The suspension was put into the cell, then collected by drops while a 
pressure of 15,000 PSI was maintained. If by haemocytometer count there 
remained greater than 1% vegetative cells or groups of spores, the 
suspension was passed through the pressure cell repeatedly until a count 


of 99% single spores was achieved. 


Selection of Meiotic Recombinants and Calculation 
of Recombination Frequencies 


The samples prepared by the technique described above were plated 
on complete defined medium and on -AL1T triple omission medium to select 
for colonies with a functional suppressor. Plates were incubated at 25° 
£0r Seven days berere counting. These prototropis were picked and 
tested for the markers flanking SUP6, that is histidine and methionine 
requirements and temperature sensitivity (growth on YEPD at 36°). 

They prototropm, frequencies viveljan lable Ss represent the meanyor 
the frequencies, obtained in repeats of each cross. Forpeach, run, colony 
numbers on all plates were totalled, unless the plate coynt ‘exceeded 
1000. Therefore, the individual recombination values are a weighted 


7 oo 6 
average, given as the number of prototrophs per 10° spores. 


Gamma Ray Irradiation and Mapping 
The parental strains were mixed on YEPD, allowed to mate for 


several hours, then streaked on -leucine, uracil double omission medium 
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to select for diploid clones. These were picked after three days' growth 
at 25°, transferred to liquid YEPD, and kept shaking until they reached 
the desired concentration,overnight for log phase cultures, 48 hours for 
stationary phase. Cultures were washed, plated on -lysine, tryptophan 
omission medium and irradiated with a °°cobalt source delivering approxi- 
Match so Krag MimMuLte. too a. total dose or S450, 9 ana Iz krade —Plates 

Were, incubated for Seven days at 25 = before counting. “Controls: tor. 
survival were plated on a complete defined medium; the doses used were 


sub-lethal. 


Testing Sensitivity to Ultraviolet Light 

UNVESeEnsitivity was testedsin the dissected spores of wcrosses 
involving one of the rad alleles by replica plating from the plate on 
Whichethie aissection was perrormed 0, YEPD, and exposing this) to ultra— 
ViOlvetetmneaaiations, In the case or lessesensitave alleles or doubtful 
readingsn a Spot test’ was#pertormed. |) Ihe culture to) be tested was 
suspended in water at a concentration of 5 x 10° cells/ml and small drops 
OE these: suspensions were put onto YEPD plates. With either technique, 
the plates were exposed to a dose of ultraviolet light which resulted 
in a clear distinction between sensitive and resistant colonies, from 
approximately 500 to 1000 ergs/mm*. The dose rate was 14 ergs/mm@/sec 


as measured with a Latarjet dosimeter. 


Vial 3° 


RESULTS 


I. Random Spore Analysis and Mapping 


Secondary mutations of SUP6-1 were selected in strain Al4-2B. 
Although selected on plates with a higher concentration of canavanine 
sulfate than that normally used to score canavanine sensitivity (200 mg/1 
rather than 60 mg/l), a variety of intermediate phenotypes for the 
degree of suppression were recovered. Total loss of suppression made a 
strain phenotypically adenine, lysine and tryptophan requiring and 
canavanine resistant. Weak suppressors generally suppressed trp5-48 
and lysiI-1, but ade2-1 remained partially or fully expressed. The 
selection procedure made it unlikely that all ranges of suppression 
would have been recovered. 

Only strains with complete loss of suppression were used for further 
study. Eleven such strains were tested. All showed the loss to be in 
SUP6 and not in a secondary modifying locus. One mapped in the same 
position as the original SUPé-1 mutation; the others are diagrammed in 


heauunels Be 


Prototroph Frequencies and Genotypes of 
Flanking Markers 


Whesresults of all pairwise Crosses (oi Strains Carry img one of ven 
secondary mutations of SUP6-1 or the wild-type allele at that locus are 
presented in Table 3. The secondary mutations were in haploid derivatives 
of strain A20, and the wild-type allele came from strains A2-1A and A22-4C. 
This table shows the prototroph frequencies and the distribution of out- 


side markers among selected prototrophic meiotic products, Given tie 
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Ry is the more common recombinant class among selected intragenic recom- 
binants, expected from a single crossover between the alleles or a 
conversion with an adjacent crossover. a+ B. 

Rp 1s the rare recombinant class. Seen as a triple exchange, it requires 
conversion of one allele with crossing-over removed from the site 
of conversion. A ++ b. 

P) is the parental combination of outside markers which entered the cross 
with the proximal allele. A ++ B. 

P> is the parental combination of outside markers which entered the cross 
with the distal allele. a+b. 

The proximal or distal position of an allele and thus P, and Pp» were de- 


termined by the order suggested by the RyiR> inequality. 


Control for Reversion and Second Site Suppressor 
Formation 


The eptect of reversio0m and new suppressor formatiop on prototropn 
Preductionsin hepéeroallelacscrosses can be estimated frem the results or 
the homoallelic (self) crosses. The mean frequency of prototrophs in these 
erosses was 14.4 x 10 ° wath a standard deviation of 18.7 x 10 ©. Since 
recombination between alleles 1-8, 1-10, and 1-11 ranged from 13 to 70 
ProtoOtropns per 10© spores, these three alleles are either independently 
asolated alleles’ at the Same, position,son-are too closer tomalluw = resovu- 
tion from the background of mutation occurring at meiosis. A second 
mapping procedure, using the inequality of the two recombinant classes, 
placed these three alleles adjacent to one another. With the exception 
Of cross 1-8 x 1-3, they behaved simidarly ian all erosses. | Ine character— 


istics of allele 1-2 in two-point crosses can most simply be explained 
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Meiotic recombination frequencies and distribution 


of outside markers among recombinants 


TABLE cage 


a a eee 


Alleles 


OCC EC CE A aS 


1-7 


¢C 1-2 


1-6 
1-8 
1-10 
1-11 
1-5 
AC 


PrOvotropn 
Preauency 


x 10° 


Number 
of 
repeats 


4am we SY NY @ S&F SS SY SS BS SS & 


in) 


| OO ee NO en DO nn @ DE OO) 


Range of 


values 


1150-1350 
867-1715 


1152505 

631-1281 

852-880 
1034-1654 


54-89 
7-11 


26-27 
241-368 
180-320 
175-239 
497-793 


380-501 
865-1386 
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sry 
Zier 
108 
iS O 
67 
45 
98 
64 
98 
199 
205 


186 
136 
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Jablevs (Cont'd) 


-—_——_—— eee 


Prototroph Number 


Alleles sored ues eee Pa Po Ry Ro 
pt ay sed eS 412 Z 369-456 162 184 Uli 65 
1-6 x 1-9 348 1 101 To 90 25 
7-6) x1 1220 1459 2 1059-1858 186 156 10 60 
1-8 x 1-8 18 1 8 tz 2 3 
Foe pe wed 0 aL 2 15-48 57 44 28 15 
1-8 x 1-11 13 i au 6 6 ) 
1-8 x 1-6 240 1 87 108 50 40 
128 % AC 228 4 193-298 143 PRS 136 Se 
ge a 38 4 19-80 59 53 34 18 
(Ce rig ea) 281 if 84 87 90 34 
1-8 x 1-20 496 3 168-696 210 282 ou 69 
1-10 x 1-10 Zl Z 13-29 18 V2 S) 2 
1-10 x i-11 70 Z 40-101 48 Sd 15 13 
1-10 x 1-5 Del 6 155-459 Ee sys 242 125 
7-10 x 1-AC iss 5 140-169 156 165 146 58 
71-10 x 1-8 158 i 82 S16) 73 4] 
7-10 x 1-9 Oo2 1 70 102 96 30 
1-10 x 1-20 EER 2 731-736 82 106 94 diy: 
7-11 x 1-11 6 2 1-11 a 10 2 2 
7-11 x 1-5 200 i} ie) OS 45 28 
1-11 x AC 190 % 114-233 185 158 eae 62 
CIEE its EELS 208 1h 7A 100 52 SF 
1-11 x 1-9 499 S 167-716 eis) 186 108 63 
1-11 x 1-20 630 1 81 £10 90 17 
q-5 x 1-5 i il ey, ZO 4 14 
1-5 x AC 139 %) 88-182 162 134 Ly 57 
7-5 x 1-8 251 2 118-343 O07 176 O95 88 
7-5 x 1-9 256 1 89 90 87 un 
1-5 x 1-20 Aas: 1 84 110 78 22 
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Table 3 (Cont'd) 


Alleles 


AC X AC 
AC X 1-6 
AC X 1-9 
AC X 1-20 
1-38 X 1-8 
1-5 X 

1-5 X 1-20 
1-9 X 

1-9 X 

1-20 X 1-20 


Prototroph 
frequency 
ule 


Number 
Ose 
repeats 


PBF Be BP OP PEP PSP PP HP HN 


Range of 
values Py 
1-3 7 
238-692 43 
4-18 61 
95 
102 
62 
104 
S 
84 
oe 


Ro 


30 


Syl 


LPet a eenarkecrel sea deletions covering, (<0) 1-07,.1-10, ands 1-11. 

Although the two crosses 1-8 x 1-3 and AC x 1-9 showed consistently 
low prototroph frequencies averaging 38 and 10 x 10 & Tespeceive ly me riese 
alleles are believed to be at different sites, since mapping by the 
segregation of outside markers did not place them adjacent to each other. 
With the exception of these two crosses and the alleles discussed above, 
heteroallelic crosses gave recombination frequencies at least an order 
of magnitude higher than self crosses. 

A second control for the appearance of new suppressors involved cross- 
ing a sample of the presumed meiotic recombinants to strains without a 
suppressor and with complementary outside markers. The purpose of these 
Crosses was to test whether the Selected suppressors were at the svl6 
tocuss that as, stall linked to cdel4 and mezi0. Five prototrophic 
MevoELc products were packedetromveach Of ten, ditterent heteroallelic 
erosses, and) approximately (Sixteen asci dissected from each cross. Only 
onewselected prototroph had a suppressor at a locus other than Sure. 
Bignt prototrophs were picked from two different homoallefiic crosses., 
and of these, six carried suppressors not closely linked to edel4 and 
meti0. The one second-site suppressor from the heteroallelic cross and 
the six from homoalleiic crosses all showed loose linkage with cdel¢ 
and met10, which suggests that the new suppressor in all cases was SUPI/1. 
SUPP 15 proximal to SUPG, about 26 map units from eiei2 and 32 from 
met10 (Mortimer and Hawthorne 1973). Those suppressors scored as SUPI1 
showed recombination frequencies ranging from 21% to 30% with edel¢ and 


24% to 34% with metld. 


This seteot dissections from self crosses provided arsimple 


law 
y “a! as 16 “8 i nasd es - 
ix a ; 
¥ . 
Maw et z, at, if _ 
: : = sedeat) me be 
j _ ; rt so at. j & ‘ ; 7 ae ‘ - ner —_ 
- ' ro ’ Ja 
vail : of at a ‘es = 
- ¥ Spey agli » Mell” 16.60 R TR vs ) marble * we 
a re it ot hh et ig “HN aot re ae bai on 
’ _ 
ie sd puree vin aa 
; ey ae 1 Aaratrt . @ebG@ ot aah pit nS 
-2asatr a vl ” wee? f gt jad ingen 
rt "% iu Oy gard mire at wan 
p litt au. ONY Cane a3 f Ss @ Pia J 
j i f ; » I PUNE slat (7 srw — r 
- 
‘oie als 13 6 Ae 
: ; ; "Te ad 
: | | A aD, a ad 
ry Hn § fvis AM i iaelinos shee 
, | 4 
Hs wig) tae: uw! t5 2 FiO le Seige! 
( i 9) biiwite re =| - J Ly S Pe , LaF LeG A iat 
; 5 
f Le - f 4 Tha J f “\\ if 411 hAn4 f | iy Rll re | 
L v4 ! i = : ' arte) u _ ver =e 
‘ yb hs eo i = : ne @ a 
’ " | } 
. Son sity i Qa cyreeie Lalte> Wns? Gain ae 
; fe o Pi = a : 
Ae leaped! Law ‘eth @ d20( Sri ar \oweee 
: : PI = : Lt 
lie 2 Ios sd el yal ae a ae rine 
ps 7 


he - 62 
= "2. ifs = Fins hae “onde : ae @ = aue a: 


= 7 oe 


oF i dit Woe veer ies far ay. a“ ot tor tg : mm 7 
= 7 


r nl a 4 y ue Te aT a 
; “ ead Far we tay we ets 


axe 
7 , ni : wall 


S hs oe sa 
Wiis | yah 


as 


aT in 
. wr 


WN 
ine) 


explanation for the observation that although allele 1-2 behaved like 

a deletion in recombination studies, it showed a nearly average rate of 
suppressor formation in self crosses (12 x 10 ©). The majority of 
Suppressors selected in self crosses were forward mutations to suppres- 
Sion at a second locus and not reversions of the secondary SUP6-1 
mutation. 

The following experiment showed that most of the reversion to 
Suppression arose after transfer to sporulation medium. Twenty-five 
crosses were set up as for random spore analysis but at the time when 
they would normally have been transferred to sporulation medium, they 
were plated on complete defined and -ALT media. The prototroph fre- 
quencies ranged from 0.07 x 10 © 460.45 x 10 °. Five self crosses 
showed prototroph frequencies as high as those found in heteroallelic 
crosses. Therefore, mutation and not recombination is believed to have 
been larcely responsibie for the appearance of suppressors during diploid 


mitotic growth. 


Prototroph Frequencies in an Unselected Sample 

There existed the possibility that the -ALT medium on which proto- 
trophs were selected did not always allow for the expression of a 
functional suppressor generated during meiosis, and that those proto- 
trophs which grew on -ALT were only a sample of the recombinants produced. 
To clarify this, three crosses in which the prototroph frequency was 
high, 7-7 x AC, 1-9 x 1-2, and 1-6 x AC were sporulated and the spore 
suspension was prepared as usual, but spores were plated on YEPD and 
complete defined medium rather than on -ALT. These were replica plated 


to -ALT or -LT medium. Colonies grown on the complete defined medium 


1 i 


a : } i Joy > a 
ne tan evntes extend 
i yon @ 8 
i i ei] (ae ry Wa 4 
- 
i j eI LD s rau Pere. 
a i iin ches ' i 4 "ye Yoav 
7 - - : 
hy enh, % aa \ p | sit wen hi Vp Ho f - 
ae. 
| Spats ees yi e ite tse iy ar 
ff a 4 a 
ee er we by: —_ o iG mur 
~~ ep = oO 
os y | vert 
' . is4 b> ‘ 1 
es ay * 
fos - aie 
* we = = 
C2 ted ee iY tins oe cobShie 
D i 
: 7 ; eel ee 22 1 eq I te Le aih — 7 
- Tt @ - ‘ft : es 
= 7 é yy 4 7 > 
*) { fii i/z owls TY Halex a0 a ras 
: : ue cM, . © iJ ; 
j an ot oo 1 @ i j mn it Oi Pa ‘ rae 
. i? 9; : <5q(erat Paha: sty Wigs 
7 i i = a ; 
by, dea egg eit) Tote ce ewe my ment; oe 
: Se 


ee _ _ ig 
a a -» 
Le. SINS b' TAY} . eer TUT id dbs x E\et nth. =e 2 “i 
a : __ a 1) 
5 ns ; 
i - 


Ete Fc guts EDR RERRE IPG 

ee ic aaa +o 

; “Saen o " a7 i ; aay, ee? 4: i: 
in oni ? \. rat - ra ie 

: » Gy & ne, 


A 
p 


i 


W 
oF 


showed a high frequency of small sectors with the suppressor phenotype, 
presumably suppressor mutations. The limiting supply of lysine on the 
defined medium may have been responsible for selection of suppressors 
during growth. On YEPD the results were clearer, and they are presented 
Tye a Diet 

Although the estimate of prototroph frequency in the unselected 
sample was based on a very small number, the rough correspondence between 
prototroph frequencies obtained from selective and non-selective experi- 
ments makes it unlikely that only a fraction of suppressor-carrying 


spores were able to grow on -ALT medium. 


Lack of Polarity as Revealed by the Parental 
Classes of Prototrophs 


From columns 5 and 6 of Table 3 and column 2 of Table 5, we see 
tHhateunere was Mo cOnsistent inequality betweem ry, endal> —.lf the same 
parental class were greater in all crosses, this would indicate a 
gradient of conversion from one end of the locus to the other. Approxi- 
mately 40% of the crosses between alleles at different sites showed a 
significant inequality of P, and P,, but there was no consistent pattern 


tO this inequality, nor was it characteristic of crosses involving any 


one sparciculax allele. 


Inequality of Parental and Recombinant Classes 
of Outside Markers 


Column 4 of Table 5 shows the traction of selected prototrophs in 
crosses between alleles at different sites which were recombinant for 
the flanking markers cde14 and met10. The percent recombination for 


flanking markers among intragenic recombinants at SUP6 varied from 32% 
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TABLE 5 
Fraction P /P, R /R and R/Total for crosses involving alleles 


which map at different sites 


P1/P 1+P>2 R1/Rit+Ro Ri+Ro/Total 
ca hc Ep. et Eon EY > ST eC IL oS a ye Ie 
1-7 x 1-2 noeo .624 .435 
1-7 x 1-6 7o.00 aout 427 
1-7 x 1-8 -200 hoe e415 
1-7 x 1-10 “220 695 329 
lad) xX a-21 541 662 365 
1-7 x 1-65 CN 753 348 
1-7 x AC Gully . 820 389 
1-7 x 1-8 S11 SEOs 467 + 
1-7 x 1-9 580m MS 406 
1-7 x 1-20 497 796 460 + 
1-g x 1-6 466 719 368 
1-2 x AC Sle) ED: 376 
1-2 x 1-8 435° * s9o0" + 422 
1-2 x 1-9 439 * 665 $55 
1-2 x 1-20 Stoll 793 S87. 
1-6 x 1-8 510 560 + 342 
1-6 x 1-10 489 647 394 
1-6 x 1-11 550 658 78 
1-6 x 1-5 517; . 740 551 
1-6 x AC O01 * 754 382 
1-6 x 1-8 468 ORs) 405 
1-6 x 1-9 567 783 592 
1-6 x 1-20 544 760 Age 
1-8 x 1-5 446 -556 + SG 
1-8 x AC 538 712 418 
1-8 x 1-38 .424 .654 361 
1-8 x 1-9 491 726 420 
1-8 x 1-20 5 VA Ew) 2579 
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Table 5 (Cont'd) 


a Ee ee ee ee eel ee 


Roane Balen, Se EE A oe Ri/Ri+Re Ry+R2/Total 
1-10 x 1-5 Re pcye 659 382 
1-10 x AC 486 716 389 
1-10 x 1-8 .469 640 394 
eae imsdea ode .686 * 762 423 
1-10 x 1-20 436 847 S74 
J-11 x 1-6 ODO 616 330 
dD XAG, Se) SS 406 
Tord, Sele A1St 584 + 342 
i7-11 x 1-9 TAL Oat 632 345 
1-11 x 1-20 Fe 84] 359 
Jom XPAC S47 5072 370 
P57 Xo OO SL 95+ SoS 
Thats 38 Shae .497 763 389 
1-5 x 1-20 433 780 340 
ACG Hs oh Ou 515 + 39] 
ACIx 1-9 - 496 .818 pales 
AC x 1-20 728 .796 386 
f= sax 1-9 OS .696 eich 
SP Sesh 80) 054 -* BPAY) 7508 
goo yea) Syl, SEO 446 + 
Mean 496 AIAUS AELEYS 


*Sienaficantly daitferent from -50% at 5% level . 


+Not significantly different from 50% at 5% level. 
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to 47%. In all but three crosses, the inequality was significant at 
the 5% level as determined by a goodness-of-fit chi-square. 

Table 6 shows that the excess of parental over recombinant genotypes 
was not a result of selection for a particular phenotype with respect to 
outside markers. When the phenotypes of the four possible classes were 
rearranged by changing the original parental combinations, the asymmetry 
was maintained. 

Since some allelic crosses were made more than once with outside 
Markers sin) ditrerent contieurations, calculations of the amount of 
variation in the parental to recombinant ratio between crosses involving 
different alleles required pooling the data for crosses performed with 
the same two SUP6 alleles. The amount of variation between different 
allelic crosses was highly significant, as determined by chi-square 
analysiss of a 2° x 748 contingency table of hetercallelic crosses 
(G@eme ONE Da UO) Ce ihe 2osallelie crosses repeated withourside 
markers in different configurations were also tested for within-cross 
heterogeneity. Analysis of contingency tables made up of crosses 
involving the same SUP6 alleles with different flanking marker arrange- 
ments showed this within-cross heterogeneity to be significant at the 
oo level Oe Sr44u Steps 6205 -. 025), el though there weressitonii icant 
differences in the parental to recombinant ratio for crosses involving 
the same SUP6 alleles as well as for crosses between different alleles, 
the variation was far greater between crosses involving different 
alleles. This suggests that there was an allele- or perhaps position- 


specific effect in the frequency of outside marker exchange accompany- 


ing intragenic recombination. 
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TABLE 6 
Distribution of flanking markers among recombinants from crosses with 


different arrangements of outside markers. 


+ 1+ meti10 edel4 I+ + 


G . . 
RECS es Gr reer aera OEE) Co Sarr = SP Gi 
a, -edels. ie) merle 4 + 1+ + 
Sid + #0. + co cde14 +8 metio 
Number 
Alleles of SUP6 Gross Praction tested 
Pi Po Ri Ro R 

i-7 x 1=6 i .29 EO v2 ey: fA, 296 

2 28 Sill .26 WS 4] 289 

is 30 29 LOS 16 a 297 

4 Di 25 30 19 AQ 28a. 
1-7 x 1-6 1, 39 M35 OES 05 28 / 

2 37 ES DES 07 30 112 

3 24 39 28 09 a 280 

4 26 39 5 ital 55 286 
Lol 0 xe =O i Zo Se} Al AS ANG) 287 

Z 18 39 34 .09 43 265 

3 26 30 21 13 34 95 

4 25 39 ve) iG oy, 314 
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The proportion of prototrophs with flanking markers recombined was 
positively correlated with the prototroph frequency (r=.43; df=46; p<.005), 
yet there was no correlation between the proportion of recombinants and 
the number of intervals between the alleles (that is, the number of spaces 
between allele positions taken from the map in Figure 2). Because the num- 
ber of intervals between alleles is thought to be a better measure of dis- 
tance than prototroph frequency in this system, changes in the parental to 
recombinant ratio appear to have been related to those factors which caused 
perturbations in the recombination frequency rather than to the distance 
between the alleles. No other patterns in P versus R were revealed. For 
example, no particular allele showed a tendency for higher or lower flank- 
ing marker recombination in most crosses, nor were there any character- 
UStics tO distinguish crosses in the distal from those in the proximal 


sectLton of the locus. 


Mapping from the R, : Ro Inequality 


The inequality, of the two classes of prototrophs recombinant for 
outside markers was used to generate the map shown in Figure 2. As seen 
in Table Sein ahi butisix crosses of alleles at difterent sites, the 
difference between R, and Rp was significant at the 5% level. There were 
novinternal inconsistencies when all pairs of alleles were ordered by 
this method. From 52% to 85% of the recombinants were of the more common 
recombanane class. Out ot the 25 -crosses in which the same two alleles 
were crossed with reciprocal outside marker configurations, only one did 
not show the expected reversal of genotype of the two recombinant classes. 
However, in neither cross was one recombinant class significantly greater 
tham tie other. The amount Of variation@in Rieke tor different aljelic 


crosses was highly significant (x2 =261; p<<.001). The variation between 
: 47 
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crosses performed with the same pair of alleles but different flanking 
marker configurations was also significant CZ Sn ee ROMO be Meni: 
2S 


value is the sum of the within-cross variations. 


Pacverissot sRe/R-and ? /P Ratios 

On the basis of models of recombination which involve hybrid DNA 
formation leading to conversion and associated reciprocal recombination, 
one expects only R) recombinants from a length of hybrid DNA which ends 
between the alleles and is resolved as a crossover. Therefore, the great- 
er the proportion of prototrophs which arise from hybrid endings, the 
greater the inequality of the two recombinant classes. Hybrid DNA end- 
ings may also generate an inequality of the two parental classes. Non- 
crossover hybrid which covers only the proximal allele will give a P, 
products dudsnon-crossover hybrid which covers just the distal aliele will 
Give P>. therefore, if hybrid DNA formation is initiated at the proximal 
end of the gene and migrates into the gene, but often covers only one 
ableles Vaawill exceed Po. Ya hybrid formation 15 amatiated distally. 
thelr omiseex pected tOnbe oreaverme chan why. 

Figure 3 shows the relationship of R,/R to P,/P for all hetero- 
allelic combinations. The expectation that as R,/R increases, the dif- 
ference between P, and P» should increase as well, was not thie Ved 
However, the points are not arranged randomly, and sevéral allele-specific 
characteristics emerged. The most notable were the high Ri/Rovalues fon 


crosses involving allele 1-20 and the low values for most crosses Or 


allele 1-3. 


One might also expect changes in Rj/R and P,/P to be accompanied 


by changes in the reliability of prototroph frequency as a measure of 
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distance between alleles. Since the most clearly recognized marker 
effects are those which appear to operate on the level of correction 
(Kitani and Olive 1967, 1970; Leblon 1972a,b; Leblon and Rossignol 1973; 
Kitani and Whitehouse 1974b), one might obtain a more accurate map using 
those crosses in which recombination was primarily due to hybrid endings. 
However, selection of crosses which showed a significant difference 
between P; and Pj, or an Rj/R ratio greater than .7 did not change the 
non-additive quality of the map. The principal coordinate analysis 
performed on the whole set of results cannot be done without a symmetri- 
cal matrix of recombination values, so a quantitative analysis of 


Selected crosses was not possible; 


Estimating a Linear Map and its Fit 

The meiotic prototroph frequencies from two-point crosses are 
showin) Fable Svand in Fioure= 2." The frequencies did not vappear to be 
related to the order based on flanking marker distribution, nor could 
they easily be used to arrange the alleles in any other sequence. 
However, an attempt was made to construct a map using prototroph 
frequencies alone. The technique of principal coordinate analysis was 
applied to this problem by Kenneth Morgan who also performed the analysis 
and provided the description which follows. 

In order to obtain ar initial guess of a one-dimensional map which 
would sufficiently represent the linear order of markers, the matrix of 
recombination data was treated as a Euclidian distance matrix and sub- 
jected to principal coordinate analysis (Gower 1966). Then, the fit of 
the obtained order to a linear map was assessed by reference to an 


empirical distribution generated by random sampling of permutations of 
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the 11 markers. Brief accounts of these methods follow. 

The matrix of pairwise recombination values was scaled by dividing 
by the largest observed value. Treating this matrix as a matrix of 
pairwise distances between markers, we obtain a centroid adjustment of 
the matrix and then extract eigenroots and eigenvectors (Morrison LOG 
Unfortunately, some of the roots of the centroid-adjusted distance 
matrix were negative, so that the "distances"! atdinoty fic 
in a Euclidian space of (n-1) dimensions or less. Nevertheless, the 
dimension corresponding to the eigenvector associated with the largest 
positive eigenvalue was taken as a provisional linear map. This root 
was also the largest in absolute value. Coordinates for the markers 
were obtained as projections on this first dimension by multiplying 
the eigenvector by the square root of its associated eigenvalue. 

We define a statistic of discrepancy from linearity for a given 
order of markers in the following way: for each span of markers (of 
three up to and including n markers) we subtract the sum of the recombina- 
tion values of the adjacent intervals which are contained in the span 
from the recombination value for the two end markers which define the 
span and square the resulting difference. The values of all such 
comparisons are accumulated to a total measure of discrepancy from 
linearity for a given ordering of markers. Thus, the various ordered 
subsets of observed distances of adjacent intervals are compared with 
the observed recombination distances between the two markers which span 
an ordered subset. This method is diagrammed in Table 7. 

To test the sufficiency of an arbitrary linear map by the value of 


its discrepancy statistic, an empirical distribution of the statistic 
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was obtained for 200 approximately equally likely permutations of 11 
markers utilizing the observed pairwise recombination values. Because 
of the symmetry of any given permutation and its inverse sequence, our 
empirical distribution determines the probability of discrepancy equal 
to or smaller than the smallest value of approximately 1%. 

Figure 4 shows the statistic of discrepancy for some of the 
randomly generated sequences arranged in order of increasing nonlinear- 
ity, as well as for the outside marker map and the map generated by the 
analysis discussed above. These last two maps are quite similar. 
mlVetes i-o and i-é were placed proximal “to 1-8, 1-10 and 1-17 by the 
matrix analysis; other alleles retained their same relative positions. 
The map generated by principal coordinate analysis showed less deviation 
from linearity than was shown by approximately 99% of random permutations 
Orsthesligalteles, and the order derived fromuthe Ry = Kominequality nit 


a linear map better than 98% of random permutations. 


Allele-Specific Effects on Prototroph Frequencies 

Fagure 5 represents an attempt to Sort oUt consistent effects: of 
Certain alleles on Tecomoinatvon) Erequencrese Within ovro UsSime thee: h> 
Mapeassanbasis £00 interpretation. The number or intervals betweenwalletes 
Was teken as the Numborion spaces sbetween allele positions. wAlieles: Jc; 
1-10 and 1-11 have a common position. The number of intervals of any al- 
lele from allele 1-2 is the number of spaces from the closer end-point. 
All heteroallelic crosses are represented in this histogram of recombination 
frequency versus the number of intervals separating the two alleles. 
Dashed horizontal lines show the mean prototroph frequency for that num- 
ber of intervals. Only when the number of intervals exceeded three did the 


recombination frequency increase with increasing separation of the alleles. 
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Randomly generated sequences 


D2 x 10® << 19.90 Order from principal coordinate analysis A 
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Crosses involving allele 1-7 (with the exception of 1-7 x 1-5) 
stand out as having shown high recombination frequencies. Because allele 
i-7 is on the proximal end of the map, the effect may have been one of 
position. The higher recombination frequencies could simply have been a 
function Of the physical distance of 7-7 from the remainder of the alleles. 
No other consistent allele-specific effects were obvious. However, 
certain combinations of alleles had unexpectedly high or low recombina- 


tion frequencies not predicted from the behavior of the Single mutants, 


MOSt@nOtCaDly J-6 AC and AC x 7-9. 


Map Expansion 

The extreme non-additivity of this map makes the detection of 
Subtle patterns: of deviations from lanearity datiicule.. Nevertheless, 
aeabtempt was Made to detect map expansion Since, even sins this system, 
expansion eould reveal some of the characteristics 08 sexeision and 
hybrid endings. However, the standard plot of recombination frequency 
of a long interval (c) versus the map distance determined by adding the 
recombination frequencies of two coe entne Sub-intervals (a and b) 
revealed no tendency towards map expansion. Of 113 triplets tested, 42 
showed a value of c/at+b greater than 1, indicative of expansion, 70 had 
a value less than 1, and one showed complete additivity (Fig. 6). 

Because map expansion is sometimes seen to increase with the number 
of sub-intervals added (Mousseau 1967 discussed in Hastings 1975), 
longer distances were calculated using the sum of three or more shorter 
distances. This gave negative results as well. In addition, the number 
of intervals between two alleles was used as a measure of distance rather 


than the sum of the short distances. A plot of recombination frequency 
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per interval versus the number of intervals showed no increase in recom- 
bination frequency per unit distance with increasing distance between 


the two alleles. 


II. Gamma Ray Induction of Mitotic Recombination 


Rates of Prototroph Production 

Another mapping procedure which made use of the frequency of gamma 
ray induced mitotic recombination in heteroallelic diploids was employed. 
This was a modification of the mapping technique of Manney and Mortimer 
(1964)=) Homoallelic diploids and strains wath alleles believed to cover 
the same site showed low rates of prototroph formation, averaging 10.9 
prototrophs/10° survivors/krad. Heteroallelic crosses were generally 
Significantly higher, indicating that the majority of prototrophs gener- 
atedsin these diploids were recombinants. They displayed trequencies of 
prototroph production which increased linearly with dose, with corre- 
lation Coctricients which averaged near 03985.)e However, Ghe rate of 
ProLcorroph production for any one pair of alleles varied greatly in 
repeats of the same cross. This was true whether diploids were irradi- 
Atco ineloe Or in statvonary phase... Vardataon between cultumes irradi— 
ated in the same growth condition was as great as the differences between 
log and stationary phase. Table 8 shows the average rate of prototroph 
production for any pair of alleles as well as the individual values for 
each experiment. The underlined values were obtained from cultures 
irradiated in log phase. The remainder were from cultures grown for 
approximately 48 hours in liquid YEPD. 

The average rates of prototroph formation induced by gamma rays were 


subjected to the same matrix analysis that was used for melotic mapping. 
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TABLE 8 


Rates of induction of prototrophs by gamma irradiation. 


Alleles 


1-7 x 1-7 


Mean 
Prototrophs/10° 
survivor/Krad 


Number of 
repeats 


13 
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Prototrophs/10 /Krad 
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TABLE 8 (Cont'd) 


Mean 
Prototrophs/10° Number of BEAT ot mone OR Nea 
Alleles survivor/Krad repeats values from separate experiments 
1-6 x 1-6 6 1 6 
eae ey: 18 1 18 
J-6 x. 1-10 29 1 Zo 
1-6 x 1-11 52 1 52 
1-6 x 1-6 41 2 28,55 
1-6 x AC 05 1 95 
1-6 x 1-38 67 2 40, 93 
1-€ x 1-9 243 2 161552525 
1-6 x 1-20 140 il 140 
1-8 x 1-8 14 i! 14 
1-8 x 1-10 8 1 8 
1-8 x 1-11 10 i) 10 
1-8 x 1-5 a 1 53 
1-8 x AC 59 iL ee) 
1-8 x 1-8 43 1 43 
1-8 x 1-9 120 ih 20 
1-8 x 1-20 0 1 70 
1-10 x 1-10 8 1 8 
t~10- xel-d1 18 1 18 
ES eae 80 1 80 
I21G AG 74 1 tls 
1-10 x 1-3 29 1 29 
1-10 x 1-9 74 1 74 
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Table 8 (Cont'd) 


Mean 


Prototrophs/10° Number of Pe orosne ems 
Alleles ‘survivor/Krad repeats values from separate experiments 
1-10 x 1-20 109 i 20) 
t-17 x 1-11 3 1 3 
1-11 x 1-6 252 if 252 
1-11 x AC 54 1 54 
1-11 x 1-3 42 1 42 
i ay ae er 79 1 ie. 
1-11 x 1-20 85 Z 64, 105 
1-65 x 1-5 7 i} 7 
1-5 x AC 24 if 21 
1-5 x 1-8 43 Z 46, 40 
1-5 x 1-9 Ue 2 GS, 51 
1-5 x 1-20 151 i 151 
AC x AC 24 1 24 
AC x 1-8 G2 1 Sz 
AC x 1-9 13 1 13 
AC x 1-20 65 1 65 
1-3 x 1-6 3 1 5 
1-3 x 1-9 122 1 T22 
1-3 x 1-20 ES) 1 LNBles) 
1-9 x 1-9 16 1 16: 
1-9 x 1-20 79 1 HS 
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The resulting map was not only non-additive, but it showed no obvious 
correlation with the maps generated either from meiotic prototroph fre- 
quencies or outside marker segregation in meiotic recombinants, with the 


exception of placing alleles i-7 and 1-20 on opposite ends of the map. 


Classification of events Induced by Gamma Rays 

Despite the failure of the gamma irradiation technique to generate 
a map for this locus, some information was extracted from the sporul- 
ation and dissection of a sample of induced prototrophs. Table 9 shows 
the kinds! of events responsible for prototroph formation after gamma ir- 
radiation. Included are all the analysed prototrophs which showed re- 
arrangements in the region between hts2 and met10. All genotypes re- 
quiring moré than one conversion, crossover, or conversion with an ad- 
Jacent Crossover in this region were classified as complex. Classes 4A, 
6A, SA, IIA, 1B and 4B were most likely the result of two events in this 
region; 5SA,, 204 and 7B required additional events. “Diplowds which fell 
imto, classes SA, 1Brand 4B showed high Spore lethality atter dissecvion. 

the reswmits of all dissections are summarized in Table 10.5 11 may 
DesSeeumiat the proportions Of difteremt kinds of events  diititered for 
selected prototropns oO: difterent colors. ‘able 1) shows the color dis- 
EYLOUCLOnN unee Sample Ot crosses.. Ihe redmchlor 15 ‘caused by pigment ac- 
cumulation in cells with a blocked adenine biosynthetic pathway. The 
color intensity can be a rough measure of the degree of suppression of the 
Qde2=2) mutation. However, the induction of other nutritional requirements 
appears to affect the production of the red pigment as well. Nevertheless, 
since the dissected sample was not a random sample of induced prototrophs 
but a sample of prototrophs of each color, the color distribution or 


the colonies is needed for an estimate of the relative proportions of 
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TABLE 9 


So 


A, Meiotic analysis of gamma ray induced recombinants from hetero- 
allelic diploids of the gen a +2 _met10 } 
p SAUDBINS. eae ener gee 
2 
Genotype Event Color Number 
ee UIs 
LIN Se Saran pa ae conversion of pink 5 
2 distal allele 
a _ 
2A goeeuye CO-COnversion of pink 6) 
= GF $9026 + ; 
proximal allele 
and cdeld 
SS eee : 2 
3A = COnVeTSVONROL white 1 
- - sup6é + : 
proximal allele 
and) Crossover 
proximal to his2 
a UL Oe 4 é 
4A ee SER ee w comp ex white 2 
F =) (SUr6 = 4 : 
SA aT ae complex pink i 
Ghia _ a complex, equiva- pink 1 
a s lent» or meiotic 
Re 
7A oe — conversion of red 1 
SULO) ae . 
proximal allele 
8A _ z pe complex” white i 
a 4 : 
ie seeaes SUED complex white il 
= = supé a 
al 4 Be 
10A Z i ——- complex white ] 
1l1A e : ape = complex" pink 1 


17 and 2 represent secondary mutations of SUP6-1. 


2SUP6 indicates restoration of the suppressor phenotype. 


*sup6 indicates no suppression. 


“Complex events require two or more independent conversions and/or 


crossovers. 


(Cont! d) 


7 
‘ : e é t nite i j ays)! 
(lo. 
ome) fi 
i 
wid 
tel Ta LANES 
a \ ‘s 
3 f \ baz ry phe 
gIf f , f 7 
{! = i” oa vy 
Dg > Pete in ieee ——- 
' i - 
4 : - a 
l sitiid Pad Mat ba 
Ais "ee Beye a 
-_ 
I a . 
: 5 Ww 
r -¥ © ; 
: 7 7. — te. aati 
7 5s af 7 
aa neil | +} (> ¢ foe os 


; : 
ry 7 
‘ » a wings i 


_— mer : 


Table 9 (cont'd) 


B. Meiotic analysis of gamma ray induced recombinants from hetero- 


allelic diploids of the genotype —— pe eu SEE 
P g YP hts? edeig a + 
Genotype* ?3 Event Color Number 
- - SUP6 - 
1Ba SUPE a complex" white 1 
+ + SUP6 - 
2 oe conversion of pink 2 
=) “supe “+ ; 
proximal allele 
+ + 6 - 
ih eS conversion of pink 3 
es Ie x 
dis talevaitetle 
to SOUL Oo = 4 ; 
4B ers )pe  - complex white 1] 
iy es Ce Soe co-conversion of pink 1 
Se estt0 0. ee 
proximal allele 
and caci4 
Peete SUDO , : eas 
OR tes aces SUPE a co-conversion of white 3 


distal Lvete 
and metl10 or 
crossover between 
alletes or conver— 
sion with associ- 
ated crossover 

+ + SUP6 + 


7B aaah es 1a) complex" white it 
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TABLE 10 


Classification of gamma ray induced prototrophic diploids 


Number of 
diploids 
dissected 


WZ 


iss) 
ine) 
CO 


Mutation to 
suppressor at 
a second locus 


nN 
~ 
! 


Conversion of 
proximal 
allele 


ves 
i) 
ja 
we 


Conversion 
Of/aistal 
allele 


Co-conversion 
of proximal 
allele and 
edel4 


Co-conversion 

Of distal allele 
and meti10 or 
crossover between 
alleles or 
conversion 


accompanied by 
crossover 


Complex event. 
More than one 
independent 
conversion and/or 
crossover 
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TABLE 11 


Color distribution of gamma ray induced prototrophic diploids 


1-6 x 1-20 


1-8 x 1-3 


1-10 x 1-6 


1-11 x 1-6 


AC x 1-6 


1-3 x 1-20 


Ne aaa aa ea 


.856 


. 848 


004 


Oey 


005 


043 


0235 


2038 


028 


ROOT 


.018 


2007 


White 


58 


t 
eo % (iy) wiopar P, AL 


7 oe 
Wait 


a nme 


a9 


different kinds of events. In 16 of 17 heteroallelic crosses scored, 
80% to 95% of the colonies were pink, 4% to 15% white, and 0.1% to 5% 
red. Only crass 1-7 x 1-8 showed a very different color distribution. 
The first three crosses of Table 11 were either self-crosses or crosses 
between alleles not seprable by meiotic recombination, and it may be 
seen that the proportion of reds increased at the expense of white and 
pink colonies. The color distribution for each set of diploids was 
taken from the total of colonies scored at all doses. In the majority 
of cases, there was no significant change in the relative proportions 


of pinks, whites and reds with different doses of gamma rays. 


[nes results presented jin ables 10 and.) Py aindi cate: thateonly about 
40% of the prototrophs trom heteroalleli¢c crosses were Simple conver-— 
Sions ot one allele of SUP6.. (Sixteen 10 19% were most simply. explained 
as co-conversions extending into the next locus, and 20% were complex 
events in the region of SUP6, including conversions with nonadjacent 
crossovers, two independent conversions, four-strand double crossovers 
andecthen less easily classitied combinations of events. 

Of the 12 strains in whieh the prototroph was the result of san 
induced suppressor at a locus other than SUP6 (Table 10), nine showed 
loose linkage with met10 and edel4, and therefore were probably mutations 
of SUP11. They were predominantly red in color as expected from a sup- 
pressor considerably less efficient at suppressing ade2-1 than SUP6 


(Hawthorne and Leupold 1974). 
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III. Tetrad Analysis 


A total of 3345 tetrads were dissected to analyse recombination in 
the region of SUP6. The numbers and types of aberrant tetrads for each 


allele scored are presented in Table 12. 


Conversion to Mutant and to Wild-type 

The equality of 3+:1m and 1+:3m segregations for all alleles tested 
except meti0-4 (Table 12) makes it appear that the frequency of conversion 
from mutant to wild-type and wild-type to mutant was, with the one ex- 
ception, equal for all alleles. Because of the small number of post- 
meiotic segregations, it was impossible in most cases to tell whether post- 
meiotic segregation of chromatids originally carrying the mutant allele 
was equal in frequency to postmeiotic segregation of chromatids with the 
wild-type allele. However, there was an overall equality of 3:5 and 5:3 
segregations for the total of all alleles, and for SUP6-1 the numbers 
were laree enough tovmake the comparison, From the 3:5, 5:5, aberrant 
A-Amandrabeerant 226 secregations, 1G was calculated that, there were 15 
postmeiotic segregations of SUP6-1-carrying chromatids and 22 postmeiotic 
segregations of supé” -carrying Chromatins.  Cidie lS ithe veawere edtale 

The significant excess of 3:1 over J: 3 segregations rom meul0-4 
suggests that there was an inequality of conversion in the two directions. 
However, this conclusion is put in doubt by evidence from both random 


spores and incomplete tetrads suggesting selection against methionine 


auxotrophs. 
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Among unselected random spores, there was a statistically non- 
significant excess of methionine prototrophs when the random spore prep- 
aration was plated on complete defined medium (Xp = oso seh 02) muE 
a significant excess on YEPD OG = O.4005p < .02o)y. and tiessumn or tmicse 
was Significant at the 1% level C =—/20/. p< Ol )ce (Bothwnizec and 
ede14 showed equal numbers of mutant and wild-type spores. 

In addition, 900 spores from 375 tetrads in which one or more spores 
did not germinate showed a significant excess (xq Wires ole ce) UML Meee 
MET10 over met10-4 spores, accompanied by a significant deficiency of 
CDC14 and HIS2 compared to the mutant alleles (xj = 5.44, 5.13; p < .05). 
ihemumber of leucine and uracil auxotrophs were sequal to: the number of 
DPIOLOLropis, and in 678 Spores from crosses heterozygous for oUrG,. tie 
number of suppressor-carrying spores was Sita the mumber of “Spores 
with a mutated suppressor of the wild-type allele at that locus. 

Aperude estimate was Made as tO whether the selective deat of 
methionine auxotrophs in incomplete tetrads was sufficient to account for 
the inequality of conversion to mutant and to wild-type detected in 
complete tetrads. Average Spore viability was about $7%, although there 
Were Several “Sources Of ineccuracy in=cthis estimate.) For exam le swhile 
Cetrads incompletely dassected fom technical Treasonsswere included in 
this. commit, asci in which all four spores Were anviable weresexciiuded. 
Furthermore, there was considerable variation between crosses. Never- 
theless, using the inequality of sec l0-4 and MEY JO spores in ancomplete 
tetrads and the estimate of 13% Spore death, it was calculated’ that 
4.8% of MET10 spores and 21.1% of meti0-4 spores did not germinate in 
four-spored asci. The probability of all four spores surviving inva 
+ + + - tetrad, where + and - refer to the methionine requirement only, 


Teel 7048) (l=.211) = .0S1. Forva = -e-es) tetrad the probability jis 
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(1-.048) (1-.211)3= .467. Using this correction, the actual frequency 

of 3:1 segregations for methionine was the eee frequency divided 

by the probability of all spores of such a tetrad SUrVIVING, that 1s 
-Us07-05))="9)044°) "Ihe actual frequency of 173 segregations was 0.17/-407 = 


-036. 4.4% and 3.6% of 3063 tetrads are not significantly different 


from each other (x4 
1] 2.16) p>) .05) 5) Consequently. spore hetnalacy, 


may have been the cause of the inequality. 
Bawrence.et al) (1975) “tound%a Similar excess of 3:1 over 135 sec- 
regations for the meté3 gene in Saccharomyces. The meti1-1 allele showed 


no such inequality in the study of Fogel and Mortimer (1969). 


4:0 and 0:4 Ratios 

AC430,. 0:4,. 721 or 1:7 mevotic segregation implies hybrid DNA 
formation at overlapping sites on both pairs of non-sister chromatids. 
However, several spurious sources of these ratios must first be ruled 
OuUL] » false tetrads., reversion, and mitotic recombination. 

if the aberrant segregations referred to were the result of pick- 
ing four-spore aggregates which were not products of a single meiosis 
(false tetrads) , then it is expected that the wulinked genes would have 
Sserrevited irregularly in most cases. Of 55 tetnads with’ 4: Dj0n 0 4 %seorepa> 
tion of alleles on linkage group Vi,. only three showed ‘aberrant isegrega— 
tion ot leu2..a small sample, but mot significantly, dverercnts trom the 
frequency of lew2 conversion in the general population of tetrads. 
Ura4-11 segregated 2:2 in all 33 cases. This makes it unlikely that 


many of these "wider ratio'' tetrads were the result of falsetclusters,. 
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There are two factors which rule*out mutation as centributing 
Significantly to the wider ratios. The first is the overall equality 
of 4:0 and 0:4 segregations. Excluding ura4-11, which showed an 
extremely high frequency of all-mutant and ali-wild= types tetrades. there 
were twenty-two 4:0 segregations and twenty-two 0:4's. One would expect 
that mutation to the mutant phenotype would be more frequent than muta- 
tion to Wild-type for all markers, except possibly the: suppressor, yet 
Ehestotals for wits... Peres met10 and leu2 were eleven 4:0's and thirteen 
OT4e se 

In addition, the frequency of wider ratios ranged from 9 x 10+ 
out Ul  ohhis as mich hisher than, the mutation frequency. “An074 
or 4:0 segregation in a cross heterozygous for the marker in question 
would require the occurrence of a mutation before premeiotic DNA synthe- 
sis, whether that mutation be at the same locus or at a second site. 
pela ecrosses Of secondarily mutated ehapreeso ns showed a frequency of up 
to 67 suppressors in 10° spores (Table 3) or 17 x 10 ©per-tetrad. 


Purthermore, the majority Of “these probably arose during méei1cesis 07 


premeiotic DNA synthesis. The frequency of 4:0 and 0:4 segregations of 
SUP6 was 7.6 x 10 3 per tetrad. It is unlikely that differences in the 
number of diploid cell generations or different growth conditions could 
account for the nearly three orders of magnitude difference between the 
frequency of mutation in self crosses and the mutation frequency 
required to account for the occurrence of all-mutant or all-wild-type 
tetrads, particularly since the growth of the diploid Strains was kept 


to a minimum tor all studies: 
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Mitotic recombination is perhaps the most difficult spurious cause 
to rule out. Although growth of diploids was kept to a minimum, it is 
not known how, many diploid cell generations there were before sporula- 
tion, and this figure is needed in order to estimate the frequency of 
mitotic recombination. Because a variety of events accompany or are a 
Pare.or spontaneous mitotic conversion, (Kakar 1963; Hurst and Fogel 
1964), one cannot use the lack of distal homozygosis as evidence for 
the lack of mitotic recombination. However, mitotic gene conversion 
and. crossover are not expected to generate 7:1 and 1:7 segregations, 
and if these were of the same origin as the 4:0 and 0:4's, their origin 


was probably meiotic. 


The expected wider ratio frequencies were calculated from observed 
tetrad frequencies using the partly corrected formulae of Lamb and 
Wickramaraine (19/3). these are based on the assumption that the fre- 
quency of hybrid DNA formation on two pairs of non-sister chromatids 
dteaspoint ts determined by the probabrility of hybrid formarvon on,one 
Dar oroLeciroma tds \(baken trom tien 77,0 10, 9a or alld. qo omatDOSi is 
qe partially corrected formulae Correct the calculations for the oc- 
curence of hybrid DNA at corresponding sites on both pairs of non-sis- 


ter nromatids when these lead to an 18:05.0:85 7:1.0or 127 segregation: 
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Expected 8:0 = (46:2 + 8:0 + 47:1)2 


0:8 


(32°70 + 0:8 + Rey ye 
Pela 2082 48s Ora reese F721) 


iow 


il 


2 (5250 22S ee ean Bes stl) 

Table 13 shows an approximately twofold excess of observed to 
expected tetrads in which recombinants were formed on the two pairs of 
non-sister chromatids at corresponding sites. 

urall was not included in the totals because of the extremely high 
frequency of 4:0 and 0:4 segregations. It is not known what caused this 
high frequency. This gene is the distal-most marker on linkage group 
XII, as determined by mitotic linkage, but is meiotically unlinked to 
any other marker. A high frequency of 0:4 and 4:0 segregations of 
urad-1i has been observed before in a different genetic background (von 


Borstel, unpublished) . 


Variation in Conversion Frequencies 

From Table 12, it can be seen that alleles sup6-1-2 and sup6-1-3 
showed a higher frequency of tetrads with non-Mendelian segregation than 
bUPC ie thie smaller ditrerence. was Sieniticant at. the, Qs56 level: 
Table i4 Shows that this was nol peculiar to the oUrPé. locus, but chat 
conversion of edel4 and met10 also increased in crosses A75 and A76. 
For met10 there was an increase both in the frequency of SUP6 and metl0 
co-conversion and in the frequency of met10 single-site conversion in 
these crosses. For cdel4¢ the increase was only in co-conversions. All 


other classes of cross were homogeneous with respect to the amount of 


conversion of his2, edel¢, and metlo. 
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TABLE 13 


Observed and expected number of “wider ratio" tetrads 


820 0:8 (abt bie 

his2 Observed i 8 0 ) 
Expected ORS 3.74 216 0 

edel14 Observed s i 0 il 
Expected 1eD0 599 cea 05 

SUP6-1 Observed 7 if 2 0 
Expected ZO5 Zee -o9 .61 

sup6-1-2 Observed 4 0 1 0 
Expected 1.08 mee 25 209 

sup6-1-3 Observed 0 2 il 0 
Expected or. Oe aA) 35 

met10 Observed i 2 0 0) 
Expected ie .74 a2 202 

Leu2 Observed J Z 0 0 
Expected 74 74 202 202 

Total Observed SS) Ze 4 1 
Expected On 10.56 124s io 

ura4-11 Observed 28 22 0 0 


Expected 245 meas) Q nO 
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Variation in Postmeiotic Segregation Frequencies 
of Different Alleles of SuUP6 


Of 1952 tetrads dissected from diploids of the genotype SUP6-1/supé" , 
35 or 1.8% showed postmeiotic segregation of SUP6, althougi there were 
actually 39 spores with such an event. There were 1.8% or 6 postmeiotic 
Ssegrepations in 5335 tetrads from the cross involving Supo-1-2, and 11 in 
341 for sup6-1-3 (3.2%). None of these frequencies is significantly 
different from the others. Among those tetrads which showed either 
postmeiotic segregation or conversion, 9% to 14% of those events were 
postmeiotic segregations and again comparison of the three kinds of 
ChOSS Siowed no Steniticant ditrerences, sim this sample Of threc clr y 
alleles, one of which (sup6-1-2) behaved as a deletion, the frequency 
Ob pOStMel1ot1e segregation per spore or relative to the conversion 


frequency did not vary significantly. 


Outside Marker Recombination 

The analysis of 2026 complete tetrads from crosses heterozygous 
for SUP6 showed that the parental combination of outside markers exceeded 
the recombinant among SUP6 convertants. This is analogous to the situa- 
tion observed in the random meiotic products from two-point crosses in 
which the intragenic SUP6 recombinants were more often of the parental 
class than the recombinant. The crosses in which tetrad analysis was 
performed were of three types: 

We thtertecdci ae es x Fe UEC =Iamer 10 


2) his? ede14 + + x + SUP6-1 met10 in a homozygous radiation 
sensitive background 


3) his2 edel4 sup6-1-x x + + SUP6-1 metl10. 
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Tables 15, 16, and 17 show the number of conversions of SUP6 alone, 
co-conversions of SUP6 and edel4 and conversions of cdel4 alone, classi- 
teed as 0 whether these were or were not accompanied by outside marker 
exchange involving the converted chromatid. Conversion of SUP6 alone 
showed 37% associated recombination of outside markers. The difference 
from 50% was highly significant (x4 zee pace .U01)-) (bOr that same 
set of tetrads, cdeld showed 50% flanking marker recombination among 
convertants, and the longer co-conversion events involving both loci 
showed an excess of recombinant outside markers OF = O02) Do pO S)e 
dotal conversions of SUPCG, ancluding conversions of SUPO alone and co- 
conversions with cdel4, still showed a significant excess of non-cross- 
over tétrads,, 205 °5UP6 convertants with parental flanking markers and 
154 with the recombinant class, that is 43% outside marker exchange 
(Ce = 2 se = Oe 

One can estimate the contribution of unrelated crossovers which 
affected the converted chromatid since these should equal the number of 
crossovers 1n regions adjacent to the converted Jength which were 
detected because they did not involve the converted chromatid. It will 
be seen from Tables 15 and 17 that there were only six such events in 
the parental class and seven in the recombinant class. Consequently, 
any correction for unrelated crossovers is small and goes equally in the 
two directions. 


Only those events which did not involve co-conversion of a flanking 
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marker were tabulated here, since co-conversion and often independent 
conversion of these makes it impossible to tell whether or not the event 
was saack dated with a crossover. The 4:0 and 0:4 segregations were also 
omitted from this analysis, but would have had little effect oan the 
results if included. Of nine such tetrads in which the markers flanking 
SUP6 could be determined, six showed a single crossover in the cdel4 to 
meti0 region, that is six conversions in 18 from these tetrads were 


accompanied by a crossover. 


Effect of Spore Death on the Frequency of 
Outside Marker Recombination 


Since conversion can be detected only in complete tetrads, the 
possibility exists that asci with inviable spores included a higher 
proportion of convertants with associated crossovers than the complete 
fetrads did.) inethe 900 spores frome 5/5 eincomplete tetrads there wasia 
Significant deficiency of one of the parental combinations of cedel¢ and 
metlO, but NO Sigmiticant difference between the two recombinant combina- 
tions. 50 Crossover tetrads did not appear to have been lost by a relative 
inviability of one recombinant genotype. The invomplete tetrads were re- 
examined to determine the proportion which contained a spore recombinant 
in the edel4-met10 region. A higher proportion of the incomplete tetrads 
had a recombinant product than did the complete tetrads. If conversion 
with crossing-over sometimes caused cell death, recombinant SUP6 convert- 


ants might have been lost from complete tetrads. It is therefore possible 
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that the inequality of parental and recombinant classes among SUP6 
convertants was due to the event itself (conversion of SUP6 with 
crossing-over) generating an inviable spore. However, of 39 three-spored 
incomplete tetrads with recombination in the cde-met interval, ten of 
these contained reciprocal recombination products. Had conversion of 
SUP6 with crossing-over often resulted in the production of an inviable 
product, fewer incomplete tetrads with reciprocal products should have 
been recovered. While this reasoning argues against the event having 
been lethal, the large number of unknowns in the data make it impossible 


tovexeludes thas possibility, 


Length of Conversion Events 

table le shows the number of postme1crie Segregation oO, conversion 
events Involving SUr6 alone or covering sadjacent Jocvids well. Included 
as co-convertants are co-postmeiotic segregants and conversions in one 
locus accompanied by postmeiotic segregation in the adjacent locus on 
thessame chromatid. The totals for all the crosses show phat 32°57 0f 
all events at SUP6 extended outside the boundaries of that gene in one 
or both directions, and that co-conversion Sometimes Spanned the length 
of the marked region, that is, a minimum of four loci. The frequency of 
these long events was far too high to have been the result of coincident 
but independent conversion of the flanking markers. 35% of all conver- 
sions of met10, 59% of all conversions of cdel4, and 8% of conversions 
of hts2 involved co-conversion of SUP6. This was not an allele specific 
effect of the original suppressor mutation, but was characteristic of 
conversion involving secondary mutations at this locus as well. Both 


the high conversion frequency and the characteristically long conversion 
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lengths are locus- or region- but not allele-specific phenomena. An 
indication of the amount of co-conversion is given in Figure: 7, .Wwintech 
shows the percent tetrads with single site and co-conversions for this 


region. The 4:0 and 0:4 segregations were omitted from this analysis. 


Interference Between Conversion Events 

Interference between conversions was checked for all pairs of mark- 
ers. The expected and observed numbers of coincident conversions are 
found in Table 19. For unlinked genes, the expected frequency is simply 
the product of the observed conversion or postmeiotic segregation fre- 
quencies at cach locus. For linked loci, the occurrence of co-conver— 
Sion must be taken into account. When looking at interference, one is 
interested in coincident but independent events. An event is scored as 
a co-conversion if there has been conversion in the same direction on 
the same chromatid of contiguous markers. For the markers on linkage 
group VI, the co-conversion frequency for a given pair of loci was sub- 
tracted irom the total conversion trequency for each locus betore the 
two were multiplied to calculate the expected frequency of coincident 
events. The observed number of coincident events for two adjacent 
markers came from tetrads in which one locus was converted to mutant and 
the other to wild-type, or both were converted in the same direction but 
on different chromatids. If the two linked loci were not adjacent, the 
absence of an event covering the intervening marker automatically clas- 
sified two conversions as coincident conversions and not as a co-con- 
version, whether or not they were in the same direction or on the same 


strand. The 4:0 and 0:4 segregations were omitted from this analysis. 
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his2 cdcl4 SUP6 metlO 
Single site 11.23 276 11.35 3.17 
conversion 
0.41 


Co-conversion 


Total 


eee 


conversion 12.65 7.8I 16.73 4.30 


Percent tetrads with single and multiple site conversions. 
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TABLE 19 


Observed and expected numbers of coincident conversions 


Observed number Expected number 

leu2 - hisé 19 22.44 
leu2 - edel4 Ly, 14.16 
leu2 - SUP6 32 24,93 
leu2 - met10 14 8.58 
leu2 - urad 7 24 
ura4 - his2 7 4.68 
urad - cdel4 4 2.95 
urad - SUP6 if Sale 
uradZ - met10 6 1.80 

113 6/207 


htsé - edel4 Ves) Ow 
hts2 -— SUP6 og 47.78 
his2 - met10 Us bon 7 0 
edel4 - SUPE 10 10.10 
edel4 - meti0 15 Ses 
SUP6 - met10 Lh 12.40 
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On the assumption that conversions show neither positive nor 
negative interference, no pair of markers showed a significant differ- 
ence between observed coincident events “and “expected events.) sAlthough 
there appeared to. be a slight but consistent excess of coincident events 
between unlinked markers, the sum of all observed double events did not 
show a significant difference from the expected. For the linked markers, 
a correction Should be made for the W/8 of andependent conversions 
which would have been falsely scored as co-conversions. Decreasing the 
expected number by 1/8 undetectable events did not alter its near 
equality with the observed. Further, correction which subtracts ithe 
independent events whicn appeared as co-conversions from the onserved 
number of co-convertants in order to re-estimate the expected frequency 
of independent events is a refinement beyond the powers of resolution 
of the data. Because the expected number of independent events which 
appeared as co-conversions was very small, the results of the previous 


Section are lot sigmiticantly atrected, 
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False Tetrads 

The lack of a significant positive association of independent 
conversion events as well as the following study of segregation of the 
mating-type alleles argue against false tetrads having contributed sig- 
nificantly to this study of SUPG. As was discussed earlier, the dis- 
section of four-spore aggregates not products of a single meiosis is 
expected to give frequent aberrant segregation at more than one locus. 
In the cross sup6-1-8 x SUP6-1, tetrads with conversion of one of the 
regularly scored markers were tested for segregation of mating type. 
Scoring was done microscopically by looking for zygotes in a mixture of 
the colony being tested and a tester strain of each mating type. Of 
100° tetrads in whith all four spores were scored, all showed 272 seg- 
reeation fOr mating type. Six tetrads were incompletely scored because 
of poor mating of one or more spores. On the least favorable assumption 
that Walse tetrads wesult from the dissection»or three spores from 
one tetrad and one unrelated spore, 50% of false tetrads are expected to 
show aberrant segregation for any one marker. Since this study showed 
no aberrant segregation for mating type in 100 tetrads, it may be stated 
with 95% confidence that there were fewer than 6% false tetrads among 
asci which showed conversion for hts2, cdel4, SUP6, met10, urad or 
leu2,. The genotypes of the spores not scored for mating type made it 

8) 


highly unlikely that they were diploid; they all showed 2:2 segregation 


for at least three other markers. 
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Associated Conversion 


The lack of positive correlation between conversions in the his2 to 
metl10 interval on linkage group VI would Suggest that there was not a Sig- 
nificant amount of independent correction of two markers included in ie 
Same segment of hybrid DNA. However, if the extent of hybrid DNA were 
unequal on the two chromatids, independent correction of two adjacent 
loci on one chromatid would not be detected. It would be seen either 
as CO-conversion Or aS conversion of one locus and a return to the 
parental genotype at the other, that is a single-site conversion. In 
this system, independent correction of hybrid DNA on one chromatid might 
be detected if conversion of non-adjacent sites involved the same 
chromatid more often than expected by random association. Of 34 hts2 
eUPE conversions in the same tetrad, only five were on the same strand 
compared to 8.5 expected if the two were independent. In six cdcl¢ 
met10 coincident conversions and seven hts2 met10 coincident conversions, 
all involved more than one chromatid. At least over the span of three 
to four genes, there was no preference for conversions on the same 
strand. The observed negative association between events on one strand 


was not significant. 


Postmeiotic Segregation and Associated Conversion 

Of 120 events scored as co-conversions of edel4 and SUP6, ten 
involved conversion of edel14 and postmeiotic segregation of SUP6. For 
SUP6 and met10, four tetrads in 45 showed conversion of metl0 and post- 
meiotic segregation of SUP6. It is estimated that only one or two of 
these were independent events. From this we may conclude that mismatch 


correction did not extend over the entire hybrid length in at least 8% 
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of the events covering cdel4 and SUP6 or met10 and SUP6. 


One versus Two Chromatid Events 

On the basis of models of hybrid DNA formation and mismatch cor- 
rection, tetrads which show 3:5 or 5:3 segregation can be used to deter- 
mine the extent to which heteroduplex DNA is symmetrical, that is, the 
extent to which it covers both chromatids at the site in question. The 
classes of asci which must be considered show postmeiotic segregation 
of one spore with outside markers in the parental configuration. The 
tritype ascus has three spores with all markers still parental plus one 
spore containing a postmeiotic segregant (for example the tetrad: 
A+ By A a B; amb, amb). This may arise from hybrid DNA on one 
chromatid only or hybrid on two chromatids with a correction event which 
Hecurms che hybridson the second chromatwd backste tGhesparental genotype. 
The tetratyoe ascus has one Spore or each parental eencetype, one Showing 
poOstmerouic Segregation, and one with conversions or. tie Same marker 
(sor -oxample=theptetrad: VAs Bo aA Abe aatebs alm bee WAS tetratype 
ascus requires hybrid DNA to have covered the middle site on both 
chromatids. Twice the frequency of tetratype asci gives an estimate of 
the amount of hybrid on both chromatids. In 44 tetrads with 3:5 or 5:3 
Seprepations tor SUP6, only 13 were free sor events covering adjacent 
loci and parental for flanking markers. Ali 13 were tritype asci. 
Three more tetrads with conversion of ecdel4 accompanying the postmeiotic 
segregation at SUP6 were also tritype. This suggests a high degree of 
asymmetry of hybrid DNA in the region of SUP6. About 15 postmeiotic 
segregation events involved co-conversion or co-postmeiotic segregation 


of flanking markers, and of these approximately one-third would have 
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required the involvement of two chromatids, not necessarily at SUP6 but 
within the hts2-met10 region. However, the occurrence of events involving 
two pairs of non-sister chromatids and the number of alternative ways in 
which the more complex events could have arisen makes it impossible to 
quantitate the amount of the asymmetry. Even the three aberrant 4:4 
tetrads which are expected to have arisen from the absence of correction 
on both hybrid strands of a symmetrical event were complex events 
involving extensive co-conversion and one of these aberrant 4:4's 


required the participation of ala four strands. 


Crossover Interference 

The frequency of single, double and triple exchanges in a region 
will reveal whether the occurrence of one crossover interferes with the 
coincident occurrence of another. However, in this system, nearly 18% 
of tetrads showed conversion of the outermost markers hts2 and/or metl0. 
bieis expected that these conversions werevortensaccompanitcdapy cross— 
overs which are not detectable, and therefore a significant proportion 
Of crossover events could not be scored. However, two precessof evidence 
supeest a lack of or yery low. crossover interference an this region. 
The first is seen in Tables 15, 16, and 17. Among conversions of SUP6 
and/or edel4 with parental outside markers, eight or 3.3% were accompa- 
nied by an unrelated crossover between the flanking markers which did 
not involve the converted chromatid. Among convertants with recombinant 
outside markers, six or 3.2% had a second independent crossover in that 
same regicn. A second piece of evidence concerns the occurrence of 
independent crossovers not involving conversion. The expected number of 
tetrads showing none, one, two or three independent crossovers was cal- 


culated from the mean number of independent crossovers, using the Poisson 
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85 
distribution to determine the probability of each class. The frequency 
of no events, single, double and triple crossovers fits a Poisson distri- 
bution very closely OxS=1. 385 p=.5), indicating no crossover interference. 
Map Distances 

Figure 8 shows the map distances between loci on linkage eroup VI 
given in per cent recombination in complete unselected tetrads analysed 
as single spores. The numbers in parentheses are map distances calcu- 
lated from unselected random spores. In all intervals, the amount of 
recombination was significantly higher in the random spore population. 
The most obvious possibility is that this was the result of selection 
against certain genotypes in the random spore population. For example, 
there was a noticeable deficiency of his2 edel4 meti0 spores compared 
to the HiS2 CDC14 METI0 class in the products of the random spore 
analysis. These two genotypes are recombinant for cdel¢ and metl0, 
but parental for hts2 and cdel4. Therefore selection against the 
triple mutant could not explain the increase in the recombination in 
the edel4 met10 interval. Conversely, the presence of diploids among 
the random: spores giving an excess of + + + colonies is ansufficient 
explanation for the expanded hts2-cdel4 region. Furthermore, haemocyto- 
meter counts of the spore suspension showed little or no contamination 
from vegetative cells. However, a combination of small dif- 
ferences in viability of the 16 possible genotypes 
could have been responsible for differences in the proportions of 
recombinant products in tetrads and random spores. 

Random spore analysis, of course, includes four-spored asci with 


one or more inviable spores which were not in the tetrad analysis. 


However, the recombination frequencies in those incompletely viable 
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Numbers in parentheses are map 
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tetrads analysed suggest that their inclusion could not have brought 
the tetrad-derived map distances up to the random spore distances. 

Asci formed with one, two, and three spores will also have contrib- 
uted to the random spore data. Genetic studies of two- and three-spored 
asci in Saecharomyces cerevtsiae have consistently shown the spores to 


be haploid products of meiosis (Bevan 1953; Takahashi 1962; Takahashi 


> 


and Akamatsi 19635. Esposito et al. 1974). In the study. of Esposito et 
al., performed in a spo3 background, the two spores were a random 

Sample or the: four meiotic products, but the results of Elazabetm Savage 
(unpublished results from this laboratory) indicate that the spores of a 
two-spored ascus were preferentially non-sister spores. Her study was 
done in a wild-type background. In either case, intergenic recombin- 
atiOnerrequeniceres should not be attected by the ancolusron, of sp reducts rom 
Jose ai as¢i. However, thers findings imdicate enatv mou sallesystemns 
are identical, and 1m this study of SUPG, no testing Of Ancomplete asicz 
was done. 

Onesiurther possibility 1s that gene tl evdiitrerences miethe crosses 
contributed to the discrepancy in the two maps. The random spore data 
came from crosses in which both parents carried either a secondary mu- 
taclon. Of 2Uro— ion the supé" allele. This: makes the nature of the het— 
erozyposity at SUP6 slightly different from those crosses in which tetrads 
were dissected. Since the construction of these strains followed slight- 


lyeditterent routes, the general genetic background differed as well. 
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For both sets of data, the map distances are not additive. Because 
so much recombination in this region results from conversion and conver- 
sion-associated crossing-over, non-additivity of intergenic Maps a1 Se = 
pected. Conversion of gene B in the sequence A-B-C, accompanied by cross- 
img-over 50% of the time, will yield @n equal number ot A-B,. 8-C and A-G 
recombinant products. This component of recombination is not distance- 
dependent and will tend to contract long intervals compared to the sum of 


the sub-segments of that interval. 


Effect of Repair Defects on Postmeiotic Segregation 

Te thesenzymatic Suee involved in the excision of pyrimidine dimers 
from UV-irradiated DNA overlapped with those responsible for the recogni- 
tion and excision of mismatched bases, one would expect strains with 
defects in dimer excision-repair capacity to show an increase in post- 
MelOtig SeCerevatiOnmat the Cxpense Or —cOnVersion. 

The radiation-sensitive mutants rad1, rad2, rad3, and rad4¢ were 
chosen for analysis on the basis Of evidence that they control, steps in 
an excision-reparr process. After UV irradiation, mutantsyat. these Tour 
loci: snow little loss of pyrimidine dimers from ther, DNA under condi— 
tions im which wild-type strains excise dimers (Unrau et al. 1971; 
Resnick and Setlow 1972; Wheatcroft 1o7oyn The behavior of double 
mutants also places these mutations in the same repair pathway, since 
the survival een tics of the double mutants are like those of 
one or the other of the single-mutant parents (Cox and Game 1974). The 
mutant rad16 has not been studied biochemically, but it retains photore- 


activability after post-irradiation incubation, that is, dimers are not 
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lost from the DNA during incubation. rad18 and rad 51 were chosen as 
loci which control first steps in alternate repair pathways (Cox and 
Game 1974); however, the strain homozygous for rad&1-1 sporulated very 
poorly or not at all depending on the particular diploid used. The 
spores which were formed were generally inviable. 

Table 20 shows that in none of the radiation-sensitive strains 
tested were there a significant number of conversions lost to postmeiotic 


segregation. Chi-square values were derived from analysis of two by two 


contingency tables of conversion and postmeiotic segregation in wild-type 


ald radiation-sensitive strains. 

These data can also be used to exclude the possibility that any of 
the rad genes tested are involved in a recombination pathway in which 
failure tOlcarry out 2 particular step would Tesult anea reeurm tonthe 
parental genotype. There was no significant loss of total aberrant 
segregations or of conversions in the radiation-sensitive strains. The 
frequency of tetrads with aberrant segregation at SUPG was somewhat 
elevated in strains carrying rad4-4 and rad18-1. The frequency of 
conversion of his2, cde14 or met10 in rad4-4 and rad18-1 strains was 
not significantly different from that in the control strains. 

If the frequency of tetrads with conversion, postmeiotic segrega- 
tion and normal segregation at SUP6 is compared for all crosses, the 
total heterogeneity is significant. However, heterogeneity 
among crosses ae the same radiation-sensitive background was less 
Oar = 19.04; p = 0.1-.05) than the heterogeneity among different 


radiation-sensitive backgrounds ba =o Sone p= s0cose Ul jr 
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DISCUSSION 


Recombination in Radiation-sensitive Strains 

The results of the study on radiation-sensitive strains of Saccharo- 
myces indicate that whiie the excision of pyrimidine dimers from UV-ir- 
radiated DNA may provide an analogy for the excision of mismatched bases 
in recombination, mismatch repair does not share those functions coded 
for by RADI, RAD2, RAD3, RAD4,, RADI6 or RADI8 genes. Strains carrying 
radi, rad2, rad3 and rad4 mutations were examined by Snow (1968) for 
the frequency of intragenic and intergenic recombination. He found no sig- 
nificant differences in the frequencies of recombination between these 
strains and wild-type (radiation resistant) controls, although there were 
some significant frequency differences among the radiation-sensitive 
strains. However, his system would not have been able to detect changes 
ine cComrection erticiency, which was Specimically the object.of this study. 
nor changes in conversion lengths, outside marker recombination, and other 
Paremeters OL recombination detectable in tne SUrG system. 

In this study, amount of Nhetercgeneity im conversion, postmelotre 
segregation and Mendelian segregation at SUP6 among strains with 
different radiation-sensitive backgrounds suggests that either recombi- 
nation patterns are slightly modified by certain repair defects, or 
that the genetic background introduced with these defects caused some 
changes in conversion frequencies at SUP6. However, the magnitude OL 
the changes suggests that the products of these rad genes play a minor 
role, if any at all, in recombination. It is possible that under certain 
conditions, for example,if an enzyme primarily.concerned with recombi- 


nation were defective, these repair enzymes could become important. 


on 


vee 


~/h) ig i} fen i] ait 


is ree en) ete a A ; 
: 7 


4 


eee ee ®eld! ieee te Janey 


hha Mise ve Weta Sg 


nF 


: ri a.” 
bray - om ¢ le 7 OF v 7 2 ies 


oe i 
yy Tie wavy iy - ‘ he) Aa 
i 


. a : 


, <= 
f j 


“ (6 te 


7 


. ps 


7 


i e4 var 


= ty = 7 
bebenpvanl ae prataiee aet 


- a 


= <= : _ 
bu ut adi Seo tA & ce 
: j ; a — 


sips 


SP 


However, in the normal functioning of the cell, the steps which were 
blocked in these strains do not appear to be steps which overlap with 

the process of recombination, There are other repair enzymes, for 

example that coded for by RAD51, which may be involved in meiotic recombi- 
nation. However, if their role in recombination is Indispensable thes xr 


Loss) results in meiotic lethality, 


Characteristics of Induced Mitotic Recombination 
Most intragenic mapping in Saccharomyces cerevisiae has made use 
of the method of Manney and Mortimer (1964) who found the induction of 
prototrophs in a heteroallelic diploid to be linearly related to the 
dose of X-rays. They used the number of prototrophs per survivor per 
rad aS a measure of distance between alleles. The method has been 
extended to include the use of gamma rays, sunlamp radiation (Lawrence 
and Christiansen 1974) and methylmethanesulfonate (Snow and Korch 1970) 
as mitotic recombination-inducing agents. ‘A comparison ot maps generated 
using different recombinogens is found in Korch and Snow (1973) and Law- 
mencesand Christiansen (19/74)— In some cases the technique of induction 
of mitotic recombination has resulted in the construction of clear-cut, 
highly additive maps (Manney and Mortimer 1964; Tauro et al.1974), but 
in other studies there were large deviations from additivity (Parker and 
Sherman 1969; Thuriaux et al. 1971). Fink and Styles (1974) found X-ray 
mapping of the his4 region to be reliable only when frequencies were great- 
Coie Vide ay WES prototrophs/10°/200r. Moore and Sherman (1975) have devoted 
an extensive discussion to the pitfalls of equating X-ray mapping units 
with physical distance and to the problems involved in ordering alleles 
by the rates of X-ray induced . mitotic recombination, unless a large 


number of allelic combinations are tested. Despite the relatively large 


yet ite 


by Ny) 
i. 4 i 


Lp pe wi y 
i ;*% on Bee nih oli Mitip 
wi ® an -_ 7 
j yp ec 44) | deals D | ay a Waa Te 
er 7 


TL Pe veins vt a 
: — : etal ore 
- 
& dis ip.ain 
4 | : ‘04 I vgeed 


\ ae (eal 
’ - i 7 us / - me 
oie , aif See Yann 16/08 i ads 1 
: .. ae 
atari 


iene bees 


; i! ; : ? 
oh 1 


oe i ell “ts é & 
a _~ 
i ee Ps 
ett - “_ —— 
i ' , = : lg Z 
; 
2 ry 
: 
, J +o ‘cs ng 
a : = r Pt 7 
I pitt ® 
= =4 i" ‘ 
i i + iw) is 
oa q : 2 
j 1 ole | 
_ ‘ ‘ - 
5 ieyg | bs { pee Ait 48 
7 7 
wd ue 0 o@ { : 
Le 
- oy te 4 
ak ae 
f), 2a, Cie) 


Ske 
number of crosses included in this study, SUP6 was immappable by this 


technique. The rates of prototroph induction for SUP6 ranged from 0.026 
to 0.532 prototrophs/10® survivors/200r (Table 8), which, on the average, 
was lower than any published map. 

The dissection of the gamma ray-induced recombinants suggests that 
up to one-third of the conversions of SUP6 may have been co-converted at 
an adjacent locus (Tables 10 and 11). Long hybrid and excision-repair 
lengths at this locus seem to be characteristic of induced mitotic as 
well as meiotic recombination. Another 20% of the prototrophs arose 
from multiple events for which we have no simple model, and consequently 
no basis for deciding whether these events were distance-dependent. Many 
Of these required the participation of three or more chromatids. It 
appears that induced mitotic recombination events in this region were 
ecnerally more complex than mezotic events. 

Other studies in Saccharomyces by Hurst and Fogel (1964) and 
Wildenberg (1970) suggest that mitotic recombination is characterized by 
multiple events in the kisi region as well. This is true of both induced 
and spontaneous mitotic recombination, Although the extensive co-conver- 
Sion ot adjacent loci characteristic of the induced mitotic recombination 
in the SUP6 region is not seen as strongly in hisi, meiotic co-conversion 
is also less frequent in this region ( Elizabeth Savage, unpublished 
results from this laboratory). 

The problem of variability in the frequency of gamma ray-induced 
prototrophs was never solved. The results of Witkin (1966) and Bridges 
et al. (1967) on ‘mutation frequency decline” in £. colt after UV 
irradiation suggest that the repair of suppressors and other genes 


involved in protein synthesis may be more sensitive to the physiological 
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state of the cell than repair of other loci. Mutation drequency de- 
cline is seen as a reduction in the induced mutation frequency of sup- 
pressor mutations with no change in survival, when protein synthesis is 
inhibited after UV irradiation. Witkin (1966) hypothesized that the 
apparent specificity for suppressor mutations may reflect a specificity 
of the conditions required to produce a repressed state for genes in- 
volved in protein synthesis. She suggests that a gene not being tran- 
scribed is better able to be repaired. 

Inea ceview article by Hawthorne and Leupold (1974) reference 1s 
made to the work of Wyssling (1972) on mapping two suppressor loci 
in Schtzosaccharomyces pombe with methylmethanesulfonate. However, no 
details are given on the reproducibility of the results and Gicic sen- 


sitivity to pre- and post-irradiation conditions. 
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Hybrid Endings, Excision Endings and Marker Effects 

The relationship between the two classes of selected prototrophs 
recombinant fot outside markers was used as a basis for evaluation 
and interpretation of the quantitative mapping procedures. The Rees 
relationship gave a map with no internal inconsistencies and oriented 
this map with respect to outside markers. In addition, this method 
separated one of the parameters of recombination (hybrid endings) 
from the others (Whitehouse and Hastings 1965). 

Because of the non-significant difference between R, and R, pp 
eross i-5 x AC, it is possible that the order of these two alleles is 
reversed. The other five crosses with non-significant RyiR, dit ferences 
were crosses of non-adjacent alleles and consequently their positions 
could be confirmed by their behavior in combination with other alleles. 
As the only internally consistent map, much of the analysis and dis- 
cussion 1s based on the order provided by this method. Absolute con- 
firmation of allele order would of course require sequencing of the 


mutant tRNAs. 


From the viewpoint of models of recombination, if hybrid DNA 
covered only one allele, and af xt were resolved as @ Crossover, sproto- 
cies recombinants would be of the R, class only. If hybrid DNA 
covered both sites, then only independent correction of the two alleles 
would generate intragenic recombinants. This is true for tines models 


of the Meselson and Radding type (1975) as well as for the early models 
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of Whitehouse (1963) and Holliday (1964). Equal numbers of Ro and R, 
recombinants are expected when both alleles are included in the hybrid, 
2R 


and * 21S a measure of the proportion of crossover hybrid DNA 
aes 
1 2 


which Covered both sites. “This is called the site cocfricient by 
Whitehouse and Hastings (1965), and it demonstrates that a relatively 
small proportion of hybrid endings between the alleles is sufficient 

to generate a significant Ry:R2 inequality. For example, if only 20% 
of the selected intragenic recombinants resulted from hybrid DNA 
endings between the alleles, by this model we would expect to see 60% 
R, and 40% Ro. 

In SUP6 the site coefficient varied with crosses and ranged from 
0250 tovapproximately 0.92. Prom the above discussion, 1t follows: that 
8% to 70% of allelic recombination in this locus resulted from hybrid 
endings. Inds sis in contrast to the situation im the 726m locus of 
Saecharomyces cerevtstae where Fogel and Hurst (1967) found that over 
90% of htsi prototrophs with outside markers recombined were R,. Even 
disregarding the reciprocal intragenle recombinants, the site cocrfiiucient 
for the alleles they tested was 0.15. 

In certain situations, evidence of hybrid endings may also be found 
in selected prototrophs with parental outside markers. The frequency of 
the P,; class is a measure of the frequency with which non-crossover 
hybrid DNA covered the proximal site plus one-half the frequency with 
which both sites were covered. P, results from non-crossover hybrid 
covering the distal allele and one-half the double-site frequency. A 
significant excess of one parental class over the other indicates that 


hybrid DNA entered the gene preferentially from one end and often 


= 


if ae ee 


gh 


_ 


Or 


eel es ni. “inks pi 


74 n 


4’ * " Wipe 


a 
eet. 00 1 nem 


‘ 
Y, riqqqel geen, a7! 
' ' bar. ak a7 
q f mien di 
e 
j . | it A & 
| 
' i Wires | 
/ 
Pi 
) ty) 
ar 
1% 
en 
bay 
j 
- 
In a 
iii 1obigil 
_ i? bc 2 ' 
! 
4 
pad 
« 


Natl ae? tora 


ie Und 
7 


rar Lie Sapper ¥) 


ii 
» WANES Oe eT ae ugth hae t- @A im - 7 an bh 


e e + ; = a % a ; 
= 3 hii. ‘Seye) 4 pe wr Tot Z 


. 
Lee 
> 


_ wi 7 : - | ~ re rs 
- 1! : iT : a wad aan nem ain 
' “a => : - 7 — 7 
i att (aed eee “nents ast - eESVOS' F 
; iy ‘ae 7 


, tee 


‘ peu Lowa ) 7 or wrote? Ft 
+ ts (20 ‘) oh! ret 1% palates 


i 


an va : 
ro OWS venti tulrateil rh Dy paekiy i 
(iy oa 
aa, nisi then 4105 12 8 
ii Adve WAous “Spray rile bars 11 Se 
ny ATA ‘vhlgtty aiit: ‘oto , =qir Ehate ¢ 
ng 


' an bf Bat siti en 
von om 
yy j (Yaw 4 ong a rd yee d — 3%e mb 
Tk : & sw . Pui te ott et Or. vy 


i ‘ i nae bil slia Fe #07 oe - 


- ¥ an cia - 
: _ 7 ; 

fan laren 8 r tout ewaene 

ty. a ‘a’ hem ety ; Briel, SVyene 

a ‘ ac 2 SRR, oe bd 


- ; (ound ety dea eras aie ha 


Wied mart Jif tee yiees bets 

~ ; ve i! , A _ = se 
4 Bh Re eat ive ' — My 

i i toluene Hioira ba 92 ai 

a Kj 
fe tote aly, ft LAG wrote ae alee 
cy a 
tain eneiaplin® be Ae ‘nhs dat (9 
: a) o . fa ae 


7 i 
Ayidh evny 7 Si wry adh or eying AA al 


Ace  . 
’ i mat rhein jatyite vai fi an 


O7 


covered one allele and not the other. Although for the majority of 
crosses in SUP6 the contribution of hybrid endings to recombination was 
sufficient to generate a significant difference between the two recombi- 
nant classes, for most crosses no significant inequality of the parental 
classes was observed. In Figure 3 the inequality of the two parental 
classes was compared with the inequality of the two recombinant classes 
for each cross. Since increases in R,/R were not accompanied by 
deviations in P,/P from 0.5 (indicative of an excess of one or the other 
parental class), there is no evidence for hybrid DNA having entered the 
locus predominantly from one direction. 

One feature of this figure was the liieh Ry/R values: for all crosses 
involving allele 120, the distal-most allele. From the above discus- 
SUON OL SiCe COCTIICIeENnts, 1t may be Supposed tha the high proportion 
of R, recombinants indicates that a large part of recombination between 
i-20 and other SUPG6 alleles resulted from hybrid endings. it is not 
known whether this was a consequence of long hybrid lengths which 
entered the gene from the proximal end with a high probability of ending 
between alleles 7-9 and 1-20 or short lengths which entered from the 
distal end. There was a slight tendency in crosses involving allele 
1-20 for P2 to exceed P, when R, was hagh. [his suggests that snort 
lengths of distal hybrid were responsible for the high Lie EEC lTOsS- 
over and non-crossover hybrid have similar characteristics, then a 
preferential conversion of the distal marker among non-crossover proto- 
trophs suggests that hybrid entered distally. 

Another characteristic of the R,: R, relationship is that it was 


highly correlated with the number of intervals between the alleles. 
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It is seen in Figure 9 that the greater the span between the markers, the 
higher was the proportion of R, products. The number of intervals refers 
to the R,:R, map given in Figure 2. Although at is highly unlikely that 
all allelic positions are equidistant, and consequently that intervals 
between two adjacent sites are the same Jenoth. this is taken toupe sa 
better measure of distance than the prototroph Lrequency.6 ihe Riek, 
map, because of its internal consistency, is thought to give the most 
reliable allele order available for tiivs locus, 

The correlation between R,/R and the number of intervals between 
the aliclessis Sieniticant at the 1a level (= 5/35 dt = Ueland 1s 
greater than the correlation between R,/R and the prototroph frequency 
(Eee eo dae 1Gcap = 65) 

iz recombination between twovalleles requires, that a length or 
nyprideUNA vends between them or that an €xcision-repair (correction) 
Penetnecovers <Onesallele put nou the voici. themecne mae mrnatecieeratie 
of hybrid endings to excision endings changed with distance: (measured 
im the number of intervals between them) mdveates that the frequencies 
ef hybrid and excision endings are not both directly proportional to the 
distance between the alleles. Since the proportion of prototrophs 
resulting from hybrid endings appears to have been relatively lower 
over short distances than over long ones, the nearby heterozygosity of 
closely-placed markers may have affected the formation, distribution 
or stability of heteroduplex. Holliday (1964) first suggested that the 
cause of distance dependency in allelic recombination was the inhibition 
of pairing by the mutant sites themselves. Ahmad and Léupold (1973) 


suggested that mismatches could affect hybrid s$cabidity = and they Used 
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Relationship between the number of intervals between the 
alleles and the proportion of recombinant prototrophs which 
were Ry; The line represents the least-squares linear 


regression yline. 
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this as a basis for a model of map expansion. Holliday (1974) discussed 
the possibility that branch migration is impeded by mismatching. It has 
also been postulated (Hastings: LO7S).thatea site on neterozyecosi ty, can 
draw out hybrid DNA to cover itself, thus increasing co-conversion at 

the expense of single-site conversion. Only this last hypothesis would 
allow for the occurrence of correction endings when hybrid endings 
between the alleles were absent. However, the occurrence of fewer hybrid 
endings per unit length over short distances than over long ones is 
expected to result in map expansion. No consistent map expansion was 
OUSErVeEdRIOr Crosses Of Duro alleles: 

Because SUP6 showed no map expansion, but rather a tendency towards 
map contraction (Fig 6), there is a preferable interpretation of the dis- 
tance-dependent change in the relative contribution of hybrid endings 
to prototroph production. Contraction describes the situation in which the 
frequency of recombination from a to c (for the allele order a-b-c) is less 
than the sum of the recombination frequencies a-b and b-c. As explained 
in the Introduction, the Fincham and Holliday (1970) model for map ex- 
pansion predicts that as soon as two alleles are farther apart than the 
excision-repainr length of mismatch correction, they are: no longer co—-con- 
verted. One expects a sharp increase in the number of recombinant pro- 
aucts due to the Contribution of eExciston-repaiz endings to ,ecombination. 
If enowever, cven the closest alleles are Gartner apart thangthe averace 
Yeneth of correction, one enters a phase of map contraction. “All imter= 
Vals a-b, b-c and the longer a-c have been expanded by a constant amount, 
dependent on the correction properties of that system. By adding a con- 
stant to all three intervals, one loses additivity and sees map contraction. 


Furthermore, in this phase, it is predicted that there will be changes in 
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the relative protortions of hybrid and excision endings because the pro- 
bability of a hybrid length ending between two alleles continues to in- 
crease as the distance between the alleles increases. Simultaneously, 
the contribution of excision endings to recombination declines as the 
probability of hybrid covering both alleles decreases. The large amount 
of scatter in the map expansion plot for SUP6 indicates that there were 
marker effects not accounted for in Fincham and Holliday's formulations. 
These will be further discussed, 

The hypothesis that the distance between SUP6 alleles was greater 
than the average excision length requires that the distribution of 
excision lengths was at least bimodal. If those excision-repair lengths 
which contributed to allelic recombination were very short, then there 
was another far more common class of excision lengths which resulted in 
co-conversion of SUP6 alleles most of the time. While tetrad dissection 
indicated that approximately one-third of all conversion events which 
involved SUP6 extended into an adjacent locus, it would appear that an 
even higher proportion of events did not stop within SUP6. Approximately 
15% to 20% of tetrads were convertant for SUP6, yet intragenic recombina- 
tion was an the range of 0.01% to 052%. Co-conversion 15 thougnt to 
have been responsible for the largest part of this difference. 

Mie existence of two characterrstve Llenetis of excision is 10L 
implausible in the light of the work of Cooper and Hanawalt (1972) on 
the heterogeneity of patch size in the repair of DNA in UV-irradiated 
Eschertchia colt. The large patch and short patch repair are probably 
mediated by different enzyme systems. Although it has been shown that 
dimer excision in Saccharomyces should be thought of as a model for 
mismatch repair, not as the same process, the existence of an analogous 


system with two classes of excision Jengths lends credence to this 


hypothesis. 
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There is strong evidence that the alleles in a cross do not simply 
detect recombination events which would have occurred in their absence, 
but to some extent determine the events which occur: Sites of hetero- 
zygosity may affect several different parameters of recombination.Leblon 
(1972a,b) found that in the by locus of A. immersus, mutations induced 
by certain mutagens showed a high frequency of postmeiotic segregation, 
implying that the probability of correction of a site of heterozygosity 
is dependent on the molecular nature of that site. Furthermore, when a 
mutant allele with a low postmeiotic segregation frequency wes put into 
a cross with an allele which showed high postmeiotic segregation, the 
second allele was converted under the influence of the first (Leblon 
and Rossignol 1973). Leblon also found that the probability of conver- 
sion to the mutant or to the wild-type allele was related to the muta- 
genic origin of the allele. Inpseceraromecs, there seems. to be less 
HOOMPPOTERallele=speciiirc Marken enlecus Olwile prOCess sOmmCcu noc bt Oil, 
Conversion to mutant and to wild-type has been shown to be equal, with 
a few questionable exceptions (for example met 10-4 in this study). 
Furthermore, for the three alleles of SUP6 studied by tetrad dissection 
postmeiotic segregation was low and nearly equal for all three. There- 
fore, at least for these alleles, marker effects are not explicable in 
terms of an inequality of correction in the two directions or differences 
in the probability of correction. However, it is possible that correc- 
tion lengths are subject to the effects of certain combinations of 
alleles. This was the hypothesis which Stadler and Kariya (1969) used 
to explainithe decrease they observed in recombination between two 


alleles when an additional site of heterozygosity was present in the 
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cross. This hypothesis was also discussed by Holliday (1974) who used 
the results of Hurst, Fogel and Mortimer (1972 and unpublished) to 
Support his argument. Their results showed a decrease in recombination 
frequency between two alleles in a four-point cross compared to the 
two-point cross. This was accompanied by an increase in co-conversion 
but no significant change in the total conversion frequency of the 
alleles. The additional sites of heterozygosity appear to have increased 
the correction length causing co-conversion at the expense of single-site 
conversion and recombination. 

In studies in Ascobolus immersus, Paszewski et al. (1971) found that 
conversion of an allele in a two-point cross was more frequent than its 
CONVersiON dir a One-point “cross, A more extensive comparison ‘or One— 
point and two-point crosses by Baranowska (1970) showed that most, but 
not alinealleies had elevated convers1on frequencies 11 two-point crosses. 
And Stadler and Kariya (1969) found that the decrease in recombination 
frequency between two alleles caused by the presence of an additional 
marker was accompanied by an increase in the conversion frequency of the 
alleles. These increases in conversion are better explained by marker- 
induced increases in the amount of hybrid covering both sites, that is, 
eecype Il marker etrect discussed by Hastings (19/5). In sUro. allele 
(-Siseens to-exhibit this type of marker™=ertect,. Most crosses’ involving 
1-3 showed a low proportion of Rj products. oiNce crosses Of Jeoewitit 
alleles which mapped distal to it were, not azfected, one interpreta- 
tion is that hybrid DNA which entered SUP6 from the proximal end was 
influenced by the presence of 4+4 so that it often covered both sites. 


Becduse crosses of 1-3 with 6 and £7 showed nearly average’ proportions 
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of R,/R, it appears to have been a distance-dependent effect. Alterna- 
tively, it is possible that the paucity of hybrid endings was the result 
of hybrid DNA of distal origin which was inhibited from covering 1-3 and 
consequently the markers proximal to +3. There is no data on the fre- 
quency of conversion of 13 in two-point crosses. 

Other allele-specific effects were detected in crosses in which 
the prototroph frequencies deviated dramatically from the norm for 
that particular number of intervals (Fig. 5). Even in this highly 
non-additive map, £& x £3 and AC x 7-9 stand out as crosses with 
unexpectedly low recombination frequencies, and +6 x AC is a cross which 
showed very high recombination. The effects may have been on hybrid 
formation “and length, or ‘on correction properties. If a low prototroph 
frequency were accompanied by a high’ R) :R, ratio, this could have been 
tHesresuve of unusually lone correction Jengths in that cross. However, 
any conclusions drawn from a single R,:R, ratio are open to question 
and! analysis Of <specatic crosses willl not De pursued. 

Moore and Sherman (1975), using defined mutations and known physical 
distances; attempted to analyze the relationship between physical dis- 
tances and recombination rates. The different mapping procedures they 
tested showed deviations from the true physical distance which were not 
explicable on the basis of single mutant codons having aespecitic: Ymarker 
effect", but required the interaction of the nucleotide sequences in 
the heteroallelic combinations. 

Both the generalized marker effects discussed in terms of the 
Fincham and Holliday model for map expansion and the allele-specific or 


heteroallelic-combination-specific effects on recombination parameters 
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are thought to have contributed to the immappability of SUP6. 

In addition, strain-dependent differences in recombination may have 
contributed to a small extent to the non-distance dependent influences 
on prototroph frequency. The dissection of three different alleles of 
SUP6 showed significant differences in conversion frequencies which may 
have been related to genetic background. However, the extent of the 
differences (up to approximately 35%) is insufficient to account for 
large effects on prototroph frequency. Furthermore, the strains used 
in two-point crosses were more closely related than the dissected 
Strains. 

While most fine-structure mapping in Saccharomjces has made use 
of induced mitotic recombination, there are a few meiotic maps. It is 
characteristic of these mapping studies that the alleles could be ordered 
Using Weivotlc prototroph frequencies in two-point crosses but with large 
deviations from additivity. Examples are found in the Azvei locus (Fogel 
and Hurst 1967), aded (Jones 1972) and ade8 {Esposito 1968). Rothstein 
(1975) constructed a meiotic fine-structure map of SUP8, and again, 
although the map was far from additive, he found it possible to order 
the alleles. This indicates that the immappability of SUP6 1s not a 
general characteristic of suppressors in Saccharomyces. 

The technique of principal coordinate analysis was applied to the 
problem of generating an order using recombination frequencies alone. 
The best approximation of a linear order by this technique showed con- 
siderable agreement with the map constructed from the eke ratios 


(Fig. 4), suggesting that there was some distance-dependency in the 


frequency of ailelic recombination for this locus. Both the R :R, and 


a 


eee tee: the wih rita ne if 
a) | \ rant i aoe 1 


ray 
Ww (k= pee We errr ue dopearine VER 


WALT? a ae Oe rit Noten elo a 
' os > & * ; - < 
a3 


a : te Jini 


7 rt OFF tt miipa ty ‘geiy rosnoeny at 
ae eh ae edad aio 


i Te Qe etre: 9 w can 
eos 
7 7 | 
. (ni gam. © ToMeale a.) Feo 
5 raid) gilts : Sa nh POS 
Vial bs) Tat hud ji) aN er Bae %G- ae 
Sg e (ei 2) res eae aR Pe Eee ‘obo 
an ge ote silaet er ee ead wont : 
hgoreges - : Ni peak Cn eI ae) © ae eae, age 
ei ’ fi th Evel ay ho Se 


fect 7 etuyr', Sp Meet yi Wo ad a ania 

. A en art ie Ni is Sais pada SENT vine 
i ietus reas ee) eine 7 

| a ies il icgul hg eat Ne amp 

pohitarg 10d (ai tat teen aobat! m oats 

mS Oa raf utlgred ht 4 alerts ae + par 
‘ tate oth mult he iit ee ae 


"Pe sense ’ olive Pill vase a 
- 7 


‘ 


106 


principal coordinate analysis maps showed less deviation from additivity 
than the vast majority of permutations of the eleven markers. 

Much of the above analysis was based on a simp le™model ot hybrid 
DNA formation and mismatch correction. Because more recent versions of 
recombination models allow for more flexibility, interpretations of the 
results based on these models are more difficult (Sobell 1972; Meselson 
and Radding 1975; Wagner and Radman 1975). Even allowing for branch 
migration and regions of symmetrical and asymmetrical hybrid, it is 
still predicted that hybrid DNA endings between the alleles will give 
the Ri eclass of recombinants exclusively and that symmetrical hybrid 
covering both will result in equality of R, and R,. However, in the 
Meselson and Radding model for example, asymmetrical hybrid covering 
DoOuUNMalleles will give equality (of the two recombinant elasses only i 
DLeterentials migration Of the hybrid amy one direction 1s mot accompanied 
Dye ae breasein whieh) Strand amitvates the recombination event... It one 
allele is covered by symmetrical hybrid and the other by asymmetrical 
hybrids (Ri) is expected to exceed hie but the proportions or these two 


will again depend on initiation and migration preferences. 


Conversion-associated Recombination of Outside Markers 
Both tetrad and random spore analysis contribute information on 
the association between intragenic recombination and crossing-over 
between outside markers. In contrast to the results of Hurst, Fogel 
and Mortimer (1972), it was found that for SUP6 outside marker exchange 
accompanied intragenic recombination significantly less than 50% of 
0. 


the time (Table 15). Some of this discrepancy (37% outside marker 


recombination in tetrads dissected for this study versus 51% in the 
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Study done by Hurst et al.) can be accounted for Dy tne use70n die terene 
outside markers. In their study, they used his2 and met10 as flanking 
markers, which this analysis placed 12.8 map units apart; cdel¢ and met10, 
used here, are separated by 7.8 map units. The presence of cdel4 allowed 
the identification of crossovers in the hts2-cdel4 region as independent 
Of conversion of SUPG. Ii the marker edel4 had not been used in this 
Study and all crossover tetrads had been counted as recombinant whether 
or not they involved the converted chromatid, no inequality between the 
parental and recombinant classes would have been found. 

There are several ways in which a real equality of parental and 
recombinant classes may appear as an inequality. Mutation and selection 
against certain outside marker combinations in random spores have been 
eliminated aS factors, Contributing ‘to the inequality, as was the occur 
Hence Of independent crossing-over. Selection against some types oF 
tetrad was more difficult to dismiss, and the analysis of incomplete 
tetrads did not exclude the possibility that conversion of SUP6 accompa- 
nied by a crossover is sometimes a lethal event. Independent conversion 
of outside markers in random spores may also change the parental: 
recombinant ratio by transferring recombinant events into the parental 
class and the converse. Since the exchange goes both ways, its effect 
will depend on the proportions of parental and recombinant convertants. 
If parental exceeds recombinant, more parental events would be lost 
than gained, so that the true excess of parental over recombinant would 
have been greater than observed. 

Because the cdel4 - SUP6 co-convertants had a higher frequency 


of outside marker recombination than conversion of either site alone, it 
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was thought that longer hybrid lengths might show a different parental: 
recombinant ratio intragenically as well. There is precedent for thinking 
that eros ver sand non-crossover hybrid may have different length charac- 
teristics. Whitehouse and Hastings, (1965). inant analysis soc iuyray. Ss 
data on the me-2 locus of Neurospora crassa (1960, 1963), found evidence 
Suggesting that crossover hybrid more often covered both alleles than 

did non-crossover hybrid. However, because SUP6 lacks polarity, there is 
no way of separating recombinants which resulted from long hybrid lengths 
from those which came from short hybrid. There was no correlation between 
the proportion of prototrophs recombinant for flanking markers and the 

Rij :Rpo ratio, the position of the alleles, or the distance between the 
alleles (measured in the number of intervals). The observed correlation 
with prototroph frequency is not a useful one since prototroph frequency 
TSoLtUseli a compound Of several factors. : 

SigaleanalAlperes (19/7 2)eeanwa, Study won the stercochemistry Olea 
Holliday (1964) type exchange, have shown that the two configurations of 
the crossed strand exchange are equally likely and are expected to be in 
Fapraeequilibrium., lf the configuration of this sexchange atthe timeror 
endonucleolytic cutting is responsible for the decision as to Wwiether a 
recombination event will be parental or recombinant for flanking markers, 
then the two resolutions are equally probable. Whitehouse (1974), in 
his analysis of recombination data for the g locus of Sordaria fimeola, 
offered mechanisms by which inequality would be observed without altering 
the basic assumptions. The particular deviation seen here, which is an 
excess of non-crossover events, is explained by postulating that when a 


correction length reaches the end of a heteroduplex length, thevevent 1s 
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always resolved into a non-crossover. Whitehouse finds Support. for eis 
idea in the following observations from the g locus data. Aberrant 4:4 
asci having no correction of heteroduplex show equality of crossover and 
non-crossover events; 5:3 and 3:5 asci show some excess of non-crossover 
events; 6:2 and 2:6 asci (having the most correction) show the eréatest 
excess. Also, the excess of non-crossovers is greater in two-point 
erosses than in one-point crosses for all these classes, sugeesting that 
conversion at the second site could cause the event to become a non- 
CEOSSOVver event. 

In this study, the frequency of outside marker recombination in 
chromatids showing postmeiotic segregation was 46%. This is 10% higher 
than the amount of reciprocal recombination associated with Conversion, 
Wowlesthesbias 1s in the expected direction, the Ssampleywas, small and tite 
difference was not significant. Unlike what was observed in Sordaria, 
the frequency of outside marker recombination associated with recombinants 
selected in two-point crosses was slightly higher than that accompanying 
conversion in one-point crosses. Because the number of postmeiotic 
segregants was small, and because recombinants in two-point crosses were 
selected random meiotic products introducing more variables than just 
the addition of a second allele, the results obtained with SUP6 cannot 
be used to support or refute the Whitehouse explanation. However, the 
data do show that crossover and non-crossover events are not equal in 
all loci in yeast, and that consequently yeast data does not support a 


model which requires this decision to be random. 


Other Characteristics of the suPé Region 


The distinguishing features of this region are the high frequency 
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of recombination events, the long hybrid lengths. which characterize these 
events and the accompanying long correction lengths. There were several 
other characteristics of meiotic recombination at SUP6 which may not fit 
into a theoretical framework at present but which contribute to the 
description of recombination at this locus, and may turn out to be corre- 


lated with some of these other features. 


a. The observations on wider ratio tetrads suggest that not only did 
recombination sometimes involve both pairs of non-sister chromatids, 
but that if these were two separate events at the same site, they were 
not independent. The number of events involving more than one pair of 
chromatids at a site was significantly greater than expected on the 
assumption of independence. In their study in Ascobolus tmmersus, Lamb 
and Wickramaratne (1973)) found positives buG not "complete interference 
between two events at the same site in crosses with high conversion 
frequencies and Negative interference for low-conversion ‘€rosses. " The 
fslvand 1:7 segregations analysed Separately showed negative site inter- 
ference in both high- and low-conversion crosses. The studies reported 
here showed an excess of observed wider ratio tetrads to expected in all 
erosses. Jhe number of 7:1 and 1:7 Seoregations was too smaliGto tell 
iif therexcess was 5) oniiicant,, Dutton stie so Us sand 0c. ee tawas 
significant. Like the results of Lamb and Wickramaratne, this is evi- 
dence that hybrid DNA can form on both pairs of non-sister chromatids 
of a single bivalent and, furthermore, in the system it appears that 
the conditions which promote the formation of one heteroduplex at a site 


are also favorable for the formation of a second heteroduplex. 


Dis There appears to have been no crossover iieerrerence ime cile mice r Va | 


between his2 and met10, that is, the occurrence of one crossover 


neon es oan aeqasi dered ‘a be 
| y ree 
. 
i weal pow oh A Wpyinye nats tag ye Wan - i 
se ogh aid Pe ea soars) * ote ted * m% | eos zat lad 
wr jagieell 
af) i ‘va? Fy OGs 4 by ear res jieehen! i a -v ie is 
a i iain te 7 


(oe at oo Peay ala ora tinue Yirtretsd ential ayniannionedy: 
Capea y ov WR IB, yb Yar: pe id 


“a do sad oe A tie) ADACIAM OTS vibe i era ner tae e ue a ‘ 
iii Veo ceri dre) qv Sont Geese rot Tan 7, over °F 
Wi2 8... 2s ape? See orem aeons Tt] 4; 
rial a Ant al qo Teale eat 7eobne 
(a ‘ght vuy otte & te* 2bhite rcs 


val 6 i ; lis ce OP OiET ote ‘oh mbar patina Yo 1woette 


jhe s4ar UY yt rei mine CFL bh) anicrunet tae & rai 
e 


‘7 7 


aah GE ae bihowe ave Tene 
eS (rob age mel Aol (poe eee) 2a ee ge aes 
* ag j ral a | | i i 7 . ; Rie) ba} *ipevEoe o by 


pareve poig ev WG owed) Pes  Kefilie 4 a ae Ea 
ae 


O45 4 eed is Gi? Wo 4 ‘3 4 eugieec éuay ; 4 a 


[ a. - : 
c } Li A, liza) 2] } \7 = wf vit ' ig wae Lil mist 7 
Vv 


_ 


(jl fh. ord? 30 ae fe ayaa ns aanoxe sad el tt 

Th rf fodder ou WE lines Ovid t ede oT. wee vial). raeoP tag 
ime > FS OMT? Vile oY im iyo) Ao @=t!l Ge Aye. ie 
oa pm rimerane, 1 Mh, Deeb yb, rn laniae 

wale oy, th a liulpae et J bite rage 


hath nba Aviuy Wb Whe Shorros 

x iy ‘ ‘ wo = | 

ah Heng 

aes 9 94 
: — 


Tih 


did not affect the probability of occurrence of others. Since crossover 
position interference has been clearly demonstrated in Saccharomyces by 
Mortimer and Fogel (1974), this is apparently a parameter which may vary 


within an organism as well as between organisms. 


cS The occurrence of hybrid DNA in this region did not appear to be 

symmetrical “on theetwo chromatids, In addition to the evidence 
from tetrads with postmeiotic segregation which was presented in the 
Resuits, there is the absence of any tetrad class which could 'have 
resulted from the conversion of SUP6 in opposite directions on the two 
chromatids. “There®are other studies im yeast (Fogel and Hurst 1967; 
Fogel and Mortimer 1969) which suggest that hybrid DNA was present on 
one chromatid only or it extended much farther on one chromatid than on 
tnewother. VAS discussed inthe Introduction ethe amount lot asymmnecry 15 
@ parameter which varies between species and between strains of the same 
Spectes (See Holliday 1974). It 1S not clear how much vaggatvon there 
is between loci within one organism, although the tetrad classes found 
in different yeast studies indicate that hybrid is consistently asym- 


metrical in this organism. 


a There was no negative or positive interference between conversion 
events in adjacent loci (excluding apparent co-conversions). The 
frequency of coincident but independent conversions was examined in this 
system because of the frequent occurrence of hybrid DNA which covered two 
Toci. Lf two sites of mismatching within 2 hyorid are corrected indepen-— 
dently, one expects to see a higher frequency of coincident conversions in 
linked genes than is predicted from the product of independent conversion 


frequencies. However, the detection of such independent corrections 
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requires hybrid DNA formation on two chromatids. Independent correction 
of two sites on the same strand would be seen as either co-conversion or 
single-site conversion. In light of the strong evidence for asymmetrical 
hybrid, the absence of a positive correlation between conversions is not 
evidence against independent correction. 

In this system independent correction of asymmetrical hybrid could 
only have been seen if the hybrid spanned three marker genes and the two 
outermost markers were corrected independently with no correction or 
correction in the opposite direction of the middle site. This type of 
event was not observed. 

The “occurrence of independent correction Of two Sites within 4 
single heteroduplex is a parameter which varies with the system being 
Studied. “steadier and Kariya (1969), using icrosses, scorecating three 
Sites. within» a gene, showed evidence for an, appreciable amount of conver— 
sion in two separate segments of one chromatid with an intervening site 
now.converted.. Tote, (1972), in a study of Locus 22, a polycistronic 
umit in Podospora anserina, found such events to be very rare. Hurst 
et al. (1972) saw conversion of two non-adjacent alleles in a three-point 
cross of arg4 alleles in Saccharomyces. However, in the absence of 
information on which strands were involved, it must be concluded that 
independent conversions within the locus may have been responsible for 
tiese,. 

e. It was noted in the Results that alleles sup6-1-2 and sup6-1-6 
showed higher conversion frequencies than the original SUP6-1 
mutation. This may be a reflection of differences in the genetic back- 
grounds and/or differences in the conversion frequencies of the particu- 


lar alleles. In one-point crosses involving these tow secondary SUP6 
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alleles ‘there was a coincident increase in conversion of edel4 and metl10, 
loci which frequently co-converted with SUP6. There was no change in his2, 
ura? or leu2 conversions. That the frequency of conversion of meti10 alone 
was affected ao weit as the co-conversions of met10 and SUP6 may mean that 
met10 was at least partially under the influence of the same controlling 
elements as SUP6 as if they shared a cog region, for example (see Intro- 
duction for an explanation of cog). The POSSLDIIICy A2lsonexis tS nat an 
allele-specific marker effect in SUP6 affected one of the parameters of 
recombination in met10, for example, the amount of hybrid DNA covering 
that allele. This would require that even conversion of met10 alone often 


involved heteroduplex extending from or into SUP6. 


The two, approaches to the study of me1otic recombination am this 
region, random spore analysis of two-point crosses and ne dissection 
of unselected tetrads from one-point crosses provide different informa- 
tion on the parameters of recombination. However, the results from both 
are, of course, dependent on the frequency and site of initiation and 
the extent of hybrid DNA as well as the properties of aden ComneG ilo, 
so the two should complement one another to some extent. A few examples 
follow. 

1) It was pointed out that tetrad dissection showed that SUP6 
alletes convert at a frequency of 15% to 20% per tetrad. Yet intragenic 
recombination leading to prototroph formation was 0.01% to 0.2% per 
spore. The difference between these 1 Semosd simply accounted for by 
a high frequency of co-conversion, and the tetrad data on co-conversion 
of markers outside SUP6 make it clear that the region 1s charactexized 


by a high percentage of long conversion lengths. 
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2) The relationship between gene conversion and outside marker 
recombination is seen both in the study of tetrads and in selected random 
spores. Even if, as suggested earlier in the Discussion, recombinants 
which arose in two-point crosses resulted from an excision process with 
a different distribution of lengths than the excision-repair responsible 
for the majority of convertants, both types of event shared the property 
of being accompanied by less than 50% outside marker recombination. 

3) The dissection of one-point crosses heterozygous 
different alleles of Subé showed that there were no significant differences 
in the probability of mismatch repair and in the probability of correc- 
tion to mutant or to wild-type of the different alleles. These allele- 
Specifte properties were therefore mot surficient to account for the 
WeaGherrctrlectSescen 11) tWwO-poimt CrossesminVolVimpetiesescleles lt 
Was therefore Necessary to postulate the existence of aliele— and hetero- 
alLlelve combination-Sspeciiic €rfectsS on Other parameters of Yecombinarion. 

Aye (hesequality of S25 sand! S25 Seerecations an tetrad analysis 
showed that postmeiotic segregation involved a chromatid originally from 
One parent as often as it anvolved a chromatid from the sotner parent, 
It therefore appears that there was no bias as to which strand became 
hybrid. Consequently, although hybrid formation was not exactly 
reciprocal on the two chromatids, the discussion about the inequalities 
between R, and Rp in selected random spores is still valid (see Discussion 
on pageni 05). 

ihe ALG GelNecne. then, that different approaches to the description of 
recombination may reveal different aspects of the process and that 
information available from one kind of study is capable of explaining 


features of another. 


2h lie a ia teh 
Setly aie a a . Th Oe 

ieee oN (ath ye), vei WHE haope Spi ackidleen y ie 

cy Ste, aie. rae Ph: 2G ern ee te Yaa 

rt 6 aie sa mal me rs Gee si wen wt bale wine we 

. inet adit) - Ye folssees th 0 ie 


rE ort i Suitne Baw: ¥0 entolte 


oo 


je tapitlera . 2 gift: - iON tr 30 ae Lb 


te a) TH) os a0 cs niver~telte ai 40 Ton Jutta OF, ; 
— \y 


ne ae od ‘iap een tit Stew se! reeqerg DURES 
% = my — 
oe yas . ay eviyoedie® €h qee4 335erSer thi 


‘ie c.f ia? ezT oy) | weené? Jar svi 
ee 


aye 


deg bere SE 


> 
ij iN 


t i 


Den ; rg ' is 4 d . ce Le (satnvp? anit 
WA ie to vel (he We de ee vhradby riod tet 
:'e.. 
| | itp las aoe de 26 ual ede Lae re 


é 


‘ir asit J een) ea) Ave hdeuhy 149 Sy irene A038 wien 
Pre 
i A..te FU 4 | 1) | are as (Ee re ti sompatne, ERS 4 
a Y as 
f) aida _ UL sity eh eal Get arte ae oes 


Pe i) ae ee . wih@yt Weleglee ne ot Guam pea 
_ 


7 ¥ F 
a iy a. 


yives 1 ly ar.9 ie 2 sis SUI ay . ani: 


ode 7 FG 4 aaa a, te rapa! 
a st ighine Hy tig Ni Chyts da eis 


os 1 


BIBLIOGRAPHY 


Ahmad, A. and U. Leupold. 1973. On a possible correiation between 
fine-structure map expansion and reciprocal recombination based on 


crossing-over, Molec. Gen. Genet. 123: 143-158. 


angel, 91.4, 8. Austin and ).G. Catcheside.) 1970. Regulation of recom- 
bination at the hts-3 locus in WNeurospora crassa. Aust. J. Biol. 


Stim. 2a, 122951740) 


Baranowska, H. 1970. Intragenic recombination pattern within the 164 
locus of Ascobolus immersus in the presence of outside markers. 
Genet) Res 10 165-9206), 

Bewan, E.As J953. Genetic analysis of intact incomplete asci of yeast - 
Nature. 1/1: 576-577. 

Bresler "o-.b.s Re. Kreneva-and Viva husher.) 1971. )Molecular hétero- 
Zyeotes in BactL ive supttl7s Jand their correction. Molec., Gen- 
Genet. 113:- 204-213, 

Brvages,, BoAs, Ree. Dennis and Re). Munson, ) 19675 Gatrerentiral 
iNjduction, and repair or ultraviolet. damage) leading to true reversions 
and external suppressor mutations of an ochre codon in Eschertchta 


colt B/r WP2. Genetics 5/7: 897-908. 


Capecchi, M.R., J.H. Hughes and G.M. Wahl. 1975. Yeast super-suppressors 


are altered tRNAs capable of translating a nonsense codon in vitro. 


Geli 269227 7/2 


Case 1MeB. sand: N.H.) Giles. 10584. Evidencel from tetrad vanalycis) tox 
both normal and aberrant recombination between allelic mutants in 
Neurospora crassa. Proc. Natl. Acad. Sci. U.S. 44: 378-390. 

Case, M.E. and N.H. Giles. 1958b. Recombination mechanisms at the pan-2 
locus in Neurospora crassa. Cold Spring Harbor Symp. Quant. Biol. 
2350 119-1.35". 

Case), MCE.eand N.H. Giles. 1964. Allelic recombination in Neurospora: 


tetrad analysis of a three-point cross within the pan-¢ locus. 


7 , 
- hy 
Ts : ; 7 
a he wend dies red ‘ 
: 
: C7 
» her ot rs acini 
TL ed 


. 


re) 29 HO nema Gti) \" iia ae an iY 
a * 


: _ = ; 
ai sh Caters ar ey A ee ot Reet A pitt OH tar 
eS pki ot ete” 728) cba 
Nolin rr xT a aoe 
i! nf { i" ” 7F 0 } Lay vis inaeiurtoad iad . ae 4 WON Tt) 
: a et 
iy ‘3 RE nae eed 40! wrowh: re) e420! 
: 7 : > =< we 
: - 7 a ’ 
a a0 zo eee 


‘ 7% s 
i = Lore y j 12+ U ! A 2ate ) ey ree a 
cit acd 118 emia 


* 


i : v / h} (Ara v a ‘ 4 ‘4 ‘ye es TE 
ye a ot aoe 
4, a 
hue tic 99, Gd oe whine at Ae togye 
i a n 
- pe 
Wai OL), M. -3 m9 Loe 
’ ah 7 7 L, WV ae 


ie ae ) eer Ad ay Aol ray bd { 


Nes i ge vais ' in nn rf 


*F5, * 


ae ie SS a 


i >, ue ei bat 7 


* b : ri oat 
as vee) es vais oH. t “7 . ‘D301 wd 
A - : 
: wd 
“Jette & Gil sassy $i Nees o ) sine tee hatin) 
. =. 


a 
ys = wt ib: 


fier! cig ie ot a ue Mt. “ » a 9 “ 
? a 
} f I iii b> Lhe y As rah sony Une a “cman ff 


7 
nT AS on eh ap camo Loe 
7 
7 [ola ¢ is ify if fe geal sit! esl int 8 Mie ia 


a an 


: : ~ i 
: a . 


i= ob eldaa! A be Neen oat a 1A. 


7 — x 
; -dudakehamneuleiere hii ela ae 


Geneties 49" 529-540. 116 


Catcheside, D.G. and T. Angel. 1974. A histidine-3 mutant, in Neurospora 
crassa,due to an interchange. Aust. J. Biol. Sci. 27: 219-229. 
Clark, A.J. 1974, Progress toward a metabolic Interpretation. of Peneeic 
recombination of Escherichia colt and bacteriophage lambda. 

Gene ties / 6s 259-074 : 

Cooper, P.K. and P.C. Hanawalt. 1972. Heterogeneity of patch size in 
repair replicated PNA “in 2scherienta: colt. J. Mol, Biol. 6/72 1-10. 

Cox, B. and J. Game. 1974. Repair systems in Saccharomyces. Mutation 
Res. 26: 257-264. 

Doerfler, W. and D.S. Hogness. 1968. Gene orientation in bacteriophage 
lambda as determined trom the genetic activities of heteroduplex 
DNASTOormed 2n veto. “Je Mol. Biolww332.66l-673. 

Esposito, Mrs. 1968. X=ray and meiotve Line structuxce mappang of the 
adenine-8 locus in Saccharomyces cerevistae. Genetics 58: 507-527. 

Esposito, 0M .S., R.E2 ESposito and P., Moens) 1974.5 Genetic analysic sor 
two spored asci produced by the spo3 mutant of Saccharomyces. 

Molec. Gen. Genet. 135: 91-95. 

Fincham, J.R.S. 1967. Recombination within the aw gene of Neurospora 
erassa. Genet. Res. 9: 49-62. 

Fincham, J.RsS. and R, Holliday. 1970. An explanation os fine (structure 
map expansion in terms of excision repair. Molec. Gen. Genet. 109: 
SUG SS22. 

Fink, G.R. and C.A. Styles. 1974. Gene conversion of deletions in the 
hts-4 region of yeast. Genetics Teer Se Ae 

Fogel, S. and D.D. Hurst. 1967. Meiotic gene conversion in yeast 
tetrads and the theory of recombination. Genetics Dy aes o a4... 

Fogel, S. and R.K. Mortimer. 1969. Informational transfer in meiotic 


gene conversion. Proc. Natl. Acad. Sci. U.S. 62: 96-103. 


31 f-46Q ota rai vs 


AB ! Dee bie So 


: ' 7 7 
er +6 nisl 
Ms set 
ae aa i ; 

Sine Odea a! See Silekaiken 34 Pr aN se 
i 
| =A apt fap » En ‘ ry Uya ia ‘ako ub AWK wosnattqet a = i) —_ 


,~. : 
aye) sie ‘§ Pi cy ATS ' 4y are vba ‘eres Smad f ‘baw «: 4 4% a 


sol 328 8S veel 
*) ? 


: sande tesa dec rots ee “ e pangall 12.0 bite ay 
1) thie ad Gilly Se ae EC Se: 4 ot Cott Newhnretob ee atedine ' 
OAein) *Fi (aM 9 See @) benert Ave : 
ye ii oi twin te y+¥, peel gta ones 


i j } j j \ \ fA ‘| 7% ¥ uh fury a is ne : af a aninob- a _: 


aa : he Oat | ete) 08 feo ea 
et it ee ek eel) Soot aie 7 
ate ts (SRT Saree Moree « 231M, _ 

VS aed oot (OD By Sapa it VAG — Kilotck? 

| ete Si im ator : | 

piety ote yh fom 2 


Rall edautod i ae. soa: en Re 


4 a 
‘g 1 


=F due Pie (22 Lal ohingar? + 9. Shite! ee eahere A? 
phe 08S 2 Piaeaat | 
sugary) ah mba TeNIWg f 


= baese iting 


i ue iy 
Gesteland, R.F., M. Wolfner, P. Gristata, G. Fink, Do Botstein ana J ke 


Roth. 1976. Yeast Suppressors of UAA and UAG nonsense codons work 


etraciently in vitro via tRNA. Cell) 7: 38] 


Gilmore, R.A., J.W. Stewart and F. Sherman. 1971. Amino acid replace- 
ments resulting from super-suppression of nonsense mutants of iso-l- 


cytochrome ci inom yeast. J. Mol. Biol. 612 1572175- 
Gower, J.C. 1966. Some distance properties of latent root and vector 


methods used in multivariate analysis. Biometrika 53: 325-338. 

Guild, W.R. and N.B. Shoemaker. 1974. Intracellular conpetLiron, 10m 2 
mismatch recognition system and marker-specific rescue of trans- 
forming DNA from inactivation by APS irradiation. Molec. 
Gen. Genet. 128: 291-300. 

Hastings, P.J. 1975. Some aspects of recombination in eukaryotic 
organisms. Ann. Rev. Genet. 9: 129-144. 

hawthorne. D-C> and U. Leupold] "1974> Supeeeeee mutations in yeast. 
Current Topics in Microbiology and Immunology 64: 1-47. 

Holliday, R. 1964. A mechanism for gene conversion in fungi. Genet. 
Res. 5: 282-304. 

Holliday, R. 1974. Molecular aspects Of penetic exchanze end gene 
conversion. Genetics /8: 273-287. 

Hurst, D.D. and S. Fogel. 1964. Mitotic recombination and heteroallelic 
repair in Saccharomyces cerevisiae. Genetics 50: 455-458. 

Hurst. 0202 ,. So. Fogel and kK: Mortimer. 1972. Conversion associated 
recombination in yeast. Proc. Natl. Acad. Sci. U.S. 69: 101-105. 

Jones, E.W. 1972. Fine structure analysis of the ade-3 locus in 
Saccharomyces cerevistae. Genetics /0: 235-250. 

Kaka eno New Loos. Allelic recombination and 1ts relation to recombi- 
nation of outside markers in yeast. Genetics 48: 957-966. 

heeantee \eeds Loo. Olive, §1967- Genetics of Sordarta frmzcola. 


VI. Gene conversion at the g locus in mutant x wild type crosses. 


hs Re ter el MO 


| oo ae rat 7 
“+ - ey - A Ay ! Tr ‘at ne a i 


se = 


Le 
“teh rie alt aber 
| = 7 ra ’ way a ~~ 
i ath g aa ent aT a z be am e 


7 n - 
Ti) i} “371 eye e - ' ea fT fo Tegal! — watt ‘ 


a 
Se) Ges Cee eee ee ies > any 
= warn 22ne7e ently S08 aeet © at J 


“ 
a . ba rij et : ’ 
' “ pes sfulsavic lan he Dee BeOnio. 
- 
= i fa5 j > : meatc sau bh AS aM etre 
a 
+] 5= 1 VU SIEVS sto £0eer> aT go? yam a 
7 < ; ; 7 
é 7 ; a rr 
; iS iwi , ti Higtae S39 sid was ( vA ene S 
— =} ted 7 
‘ OUZ-(2— “Hal .3sre 
atiasidh count eyet i oF 
h ; 
fi : 
> VOM ofits ma ifiayto 


a 


hy luewad UP Sub 23,0 srerodavall 


“ye ro | Nt) : Page iii “ih 


an 


: PRG! 
= a 7 "5 
| \) pO .deted .2 baw 
headin.) ; i>! Faeroe espe, nis 


. rT Pain ae Pe bret Todos 2 td 
: as 


jee ited, Sir. Thy td ae AO ile 
- a a 7 

{licto ci eylang Sra Oo 
NA Fh IN suite < 
7 


fetes = inp rie ete 


es ratte a 5208 hag 


Rane tvouaned aes 
nnn ip iw Ral 


118 


Kitani, Y. and L.S. Olive. 1970. Alteration of gene conversion patterns 


in Sordaria fimicola by supplementation with DNA bases. Proc. Natl. 
Acad peScaesUrS, © 66271290=19078 

Kitani, Y., L.S. Olive and A.S. El-Ani, 1962. Genetics of Sordaria 
fimicola. V. Aberrant segregation at the g locus in mutant x wild 
type crosses. Am. J. Bot. 49° 697-706. 

Kitani, Y. and H.L.K. Whitehouse. 1974a. Aberrant ascus genotypes from 
crosses involving mutants at the g locus in Sordaria fimicola. 
GeneG Res. 24: 229-250: 

Kitani, Y. and H.L:K. Whitehouse. 1974b. Effect of the proportion of 
parental nuclei in a heterokaryon on the pattern of gene conversion 


in Sordarita fimtecola. Molec. Gen. Genet. 131: 47-56. 


Koren, C.. and Ro Snow. 19738) Allelic*complementation in thestirst 
gene for histidine biosynthesis in Saccharomyces cerevistae. 1. 
Characteristics of mutants and genetic mapping of alleles. Genetics 


(4287-505. 


Kruszewska, A. and W. Gajewski. 1967. Recombination within the Y locus 
in Ascobolus tmmersus. Genet. Res. 9: 159-177. 

Lacks, S. 1970. Mutants of Diplococcus pnewnontae that lack deoxyribo- 
nucleases and other activities possibly pertinent to genetic 
transformation. J. Bacteriol. 101: 373-383. 

Lamb, B.C. and M.R.T. Wickramaratne. 1973. Corresponding-site inter= 
ference, synaptinemal complex structure, and 8+:0m and 7+:1m octads 
from wild-type x mutant crosses of Ascobolus immersus. Genet. Res. 
ag pice a 

Lawrence, C.W. and R. Christensen. 1974. Fine structure mapping in 
yeast with sunlamp radiation. Genetics 76: 723-733. 

Lawrence, C.W., F. Sherman, M. Jackson and R.A. Gilmore. 1975. Mapping 
and gene conversion studies with the structural gene for iso-l- 
cytochrome e@ in yeast. Genetics 81: 615-629. 


eee ag ee ee Veena een tS SAE (erOOeSeGein sina “iaieelve LMS unites 


eb 


dts 


7 

eines fait. ane’ | ti 

iwe's ary 2 ‘acl G, ails: te rossapieeyse i 
: ar “pay Pap eb ay oa pc , 

wet? Sxtpizon~p,shkees Srepraua  OTek ‘heoities bt aliekiil - 

Live jolt hlapie a? weoet g mies evista: gotrlovil a4 

Gaon sas a er) 


orroqeig WELIa wat! dwt | peipiar i aT bee . ae 


, oe 
. aa om 


tO.8? avin) oe ad iki ne ih) rte = sure rat fi ai betsut 


> 7 
' : - 


SSM SStEh | 74) a satu sit tll ib 


i ie 


Hi Te) ek hile af, as hig: aM bas 7. do’ ‘ 
"ear lecdt mtd eames eid zu, ORY, 


sacthies Tec bowed Je eee esters a. 


.20E «TRS 3 


tay wf Lita re hotig ia 45) OV, peg hu vonee oe A. — 


idl 
. St (een! Urea -deweagenh wstadogak a 


ri enn! 7 7 i A 1 wm : a ré +> retiil vet 


. 


nos mss 4 7,400) Liaw) veda bre = ; 
0} ote aul semaTe 
joa | eee aay (pee siete lo e aM bet Py 
leat heh. wees, af astm taldeahoquircs oats 
2a TOW) , sari ae gale cmnh he eseaores cence af spat bin 
HE att dye Sr 2 Teese ee ot ae 
ee 98 Sun, ae 

qo iy arab. s ay -) Friis - 


=. 


rt enna 
eb. Ls ry Tijana ba Pu od oe J; i aly : a ; 
= ; ween oT: © a ee 
- : a . 
: ve wis. s ; , ~| 


119 


I. Existence of a correlation between the origin of the mutants 
induced by different mutagens and their conversion spectrums “Molec. 
Gen. Genet, sl: 56-46% 

Leblon, G. 1972b. Mechanism of gene conversion in Ascobolus immersus. 
II. The relationship between the genetic alterations in by or bo 
mutants and their conversion spectrum. Molec. Gen. Genet. 116: 
S22-550 

Leblon, G. and J.-L. Rossignol. 1973. Mechanism of gene conversion in 
Ascobolus tmmersus. III. The interaction of heteroalleles in the 
conversion process. Molec. Gen. Genet. 122: 165-182. 

Lindepren, C.C. 1953. Gene ‘conversion in Saccharomyces, J. Genet. 51; 
625-637. 

lissoubay Pen J. Mousseau, Goekizet aid Jo be hossionolias 902s Fane 
structure of genes in the ascomycete Ascobolus tmmersus. Adv. 
Genet. 1]: 343-380. 

Manney, T.R. and RK. Mortimer. 1964. Allelic mapping im yeast by 
X-ray induced mitotic reversion. Science 143: 581-583. 

Meselson, M.S. and C.M. Radding. 1975. A géneral model for genetic 
Fecombination. Proc. Natl. sAcads Sc Uice 1/2) 9558-561 

Mitchell, M.B. 1955. Aberrant recombination of pyridoxine mutants of 
Nevuroevora,., Proc. Natl. Acad. Sei 9U.G. 41 215-220, 

Moore, C.W. and F. Sherman. 1975. Role of DNA sequences in genetic 
recombination in the iso-1l-cytochrome ¢ gene of yeast. I. Dis- 
crepancies between physical distances and genetic distances 
determined by five mapping procedures. Genetics /9: 397-418. 


Morrison, D.F. 1967. Multivariate Statistical Methods. McGraw-Hill 


Book Co., New York. 


1 
: o. 
~ tite Bin: Fira 7 yay al Sali inte ft iy | 
fey = - , 7 _ | 
[eee ee eee eS 
a 1 i 
* +p 4, = 7 q 
‘ OnW. * ry (ae ‘ re? ren) oh rn: le 
Y ae 
a ; ere aoe es 
kp Seaaigps a1 4 ot rey 11 Nani, atenciAt On ei 
s hide i 
To Va ee aig ell Sins iad few eine hr 
ead an 5 + 
F a 
: a typ i, 4 7 ae 7 i < 7 
4 ht Rae lau OT aga oul AG. bane gas 
ba i= 
fl reas Mt vidd, ” awe wir tats 
os es } ( , a{ wid eR Ot o7 
! : i ’ > - 
)} 
u 
j a} : ! » OA / ij it 
, & 
‘ht Senay 
; 7 7 wis mM 
' 
if ji cf io i vi D Ze Mila He be i 4. 
| ee <a 
yi 4 ea reed ‘ | Lavy v3 be ae 02 (920M 
7 #) ? ‘an 
tA ‘*; j 4 a @ ’ ‘ 
; ee a | ‘J +, beens ade 
ws i Hi) eee. hie Sweat =) ay ios 
i | = 
| | ‘7 i wi the f oar we at sl 
ay) _ a tye - a a. eae ie “neal 
~ —o 
tees’ te stay +, etme 
phi Det ype ae “39 et | 
x in 
= hes - ff — 
«a | 1 pig 2 Qh 4 W 7%) - al 


Foils ia Uae 


Mortimer, Rak. and S. Fogel. 1974. Genetical interference and gene 
conversion. pp. 263-275. In: R.F. Grell (ed.), Mechanisms in 
Recombination. Proceedings of the Twenty-seventh Biology Division 
Research Conference. Plenum Press, New York. 

Mortamer, R.K. and D.C. Hawthorne. 1973, Genetic mapping in 
Saccharomyces. IV. Mapping cf temperature sensitive genes and use 
of disomic strains in localizing genes. Genetics 74: 33-54. 

Mousseau, J. 1967. Analyse de la structure fine d'un géne chez 
Ascobolus tmmersus. Contribution a 1'étude de la recombinaison 
mérotique. (Pho. Thesis. sUniversite de Paris. Paris. 

Murray, N.E. 1960. Complementation and recombination between 
methtonine-2 alleles in Neurospora crassa. Heredity 15: 207-217. 

Murray. NoE. 19635... Polarized recombination and fine-structure wathin 
the me-2 gene of Neurospora crassa. Genetics 48: 1163-1183. 

MUrtaveeN bo  1O7O, ss Recombination events thay spanesices witian 
neighboring gene loci of Neurospora. Genet. Res. 15: 109-121. 

PliverelLas: » 195o.. Aberrany tetrads 10 ee Gemecola. (Proc, Natl: 
NeadusSeiy, (USS ~ 45% 7274732 ; 

Parker, J.H. and F. Sherman. 1969. Fine-structure mapping and muta- 
tional studies of genes controlling yeast cytochrome c. Genetics 
62: 9-22, 

Paszewski, A. 1967. A study on simultaneous conversions in linked genes 
in Ascobolus tmmersus. Genet. Res. 10: 121-126. 

Paszewski, A., W. Prazmo and E. Jaszcuk. 1971. Multiple recombinational 


events within the 84W locus of Aseobolus ¢mmersug. Genet. Res. 18: 


199-2 14. 


a 
> 


7 


s 
rd | dy wr al ee tbe ane | el. 


i! a ie a) ats wi A ? 7 


cecal 'd. adel red amt et te a fromaen 
i 2 a) 

7 Diviyy 4 j 1% a A . 7 ’ - 

_ : 

we pay) ( is ’ ‘ : 5 wy Agel ow i, lates: A Alaa tM 


- 
— 


oy Laide ‘i Tile (ory Pa) 


; , a 
‘ zi oasis at a} weteev: 
; i yy i r 9) 4 “hf aah 
i r itd : ‘ ‘7 ni «Mm QP =f 
> 
—) i Yad > 2) % rp Sig ‘eeu! a. i, 
+ a : 
- - 7 = 
o ; * 4 & (peered 
Ave @ (1,5 ! > i hi Not cory ’ Lege id GOEL AM Nerne y 
| ih a We 
i e = , - a. Le 
VA nt raw 1b Hebe Sade 
ee cs ee ee 
aoe | . 
4 ‘ rn a os ro. ? veh pe) ba Bd 5 _ 7 
') b = ce 
. . bigg Suman Tei 
oF, Z 


iii Py | 2 ~ 3s (4 we ve jest ‘ nf > beg) elrodighs 


ons ah Tearieotll ary ail geoie 


. eee 


r . t Ut oa i oad et Bon 


~ - « a 
, 


- wou ai at e shea Ai a cn sd (| 


fe 


_ a 


Pritchard, R.H. 1955. The linear arrangement of a series of alleles 
of Aspergillus ntdulans. Heredity 9: 343-371. 

Radding, C.M. 1973. Molecular mechanisms in genetic recombination. 
Anne Rev. Genet. /2 87-111, 

Resnick, M.A. and J.K. Setlow. 1972. Repair of pyrimidine dimer damage 
induced in yeast by ultraviolet light. J. Bacteriol, 109: 979-986. 

Rizet, G. and J.L. Rossignol. 1963. Sur la dissymétrie de certaines 
conversions et sur la dimension de l'erreur de copie chez 
l'ascobolus immersus. Revista de Biologia 3: 261-268. 

Rossignol, J.-L. 1969. Existence of homogeneous categories of mutants 
exhibiting various conversion patterns in gene 75 of Ascobolus 
tmmersus. Genetics 63: 795-805. 

Rothscein, RJ. 1975. Whe eitect of ochre suppression Onmerosis and 
ascospore formation in Saccharomyces. Ph.D. Thesis, University of 
Chicago, Chicago, Illinois. 

St. Lawrence, Pi) 1956, The @ locus of Veurospora erassa, Proc. Natly 
INGieN IS Ory. UTong 2725 MRSC r eas 

Srddiquim Ooh. 91962, “Ihe fine? genetic structure of the pabal region of 
Aspergillus nidulans. Genet. Res. 3: 69-89. 

Sigal, N. and B. Alberts. 1972. Genetic recombination: the nature of- 
a crossed strand exchange between two homologous DNA molecules. 
GMO l PRB UO Ler Gin iSO 195% 

Snow, R. 1968. Recombination in ultraviolet-sensitive Strains tor 
Saccharomyces cerevistae. Mutation Res. 6: 409-418. 

Sow mRe andeC@e I. “Korch: = 1970: Alkylation induced gene conversion in 


yeast: Use in fine structure mapping. Molec. Gen. Genet. ewes 


201-208. 


= 
of (PA Antehd (tea ne Tsiom Pe oie 
a 4? 


aa] 9 vr 
nba = ers eeernt 34 


(me) Sy sue re 2 3D eievle 
é 
seu?) PITAN ET th Le oe 
| Pale ay i 
ivi e~ 
4 - py ; Cl eee 1 pains. 
eS 7 - 
: a a ra 
i j }! hy i rus a> 1 ie als aute Some 
i) 
a a8 
*Oeanm lh ‘ q ae Live ve if a eget poe 
wo rn 
TA Pe" wai hy fei wees we i arg seieole 
Dy 
baa ~ 
1 4 34 = (iad 
7 a 
' + any 
= 
1h ae ‘ L. MPa Ve Fah F 

r - a ctehig 6 ae 


LV 
' ‘ La | : 47 P \ 
_ 
WS hao” iF pe! ay 5) 7 Trees 4 
SE Dace BMT eis ov. hs ren ay ae a Th rte 
7 - 
7 a4 
. 7 pee il . a ’ ‘ oJ jon, 
en ae epee st 
7 , 


: hrs ie - , a" Se ae wom 8 Boag i 
‘ : owa 
ri nTTL ' oy oh Ue ic gib *) ali TT. 
' ; ye oe : _ a ror 
ht Pe) es RG nie mca 
a 
_ 


F _ 


7 : 
7 - 
a 


Sobell, H.M. 1972. Molecular mechanism for genetic recombination. 
Prec. Natl Acad sci Ulo. 09% D4es=otey. 

Spatz, H.Ch. and T.A. Trautner, 1970. One way to do experiments on, gene 
conversion? Molec. Gen. Genet. 109: 84-106. 

Stadler, D.R. and B. Kariya. 1969. Intragenic recombination at the 
mtr locus of Neurospora with segregation at an unselected site. 
Genetics 63: 291-316. 

Stadler, D.R. and A.M. Towe. 1963. Recombination of allelic cysteine 
mutants in Neurospora. Genetics 48: 1323-1344, 

Stadler, D.R. and A.M. Towe. 1971. Evidence for meiotic recombination 
in Ascobotus involving only one member of a tetrad. Genetics 68: 
401-413. 

Takaliasia, 1. 1962. Genetic Segregation of two-spored ascus in 
Saccharomjees. Bull; Brew. Scr. 8: 1-9. 

Takahashi; T. and Kk. Akamatsy. 1963. Genetic Segregation of three-spored 
ascus in Saccharomyces. Seiken Zih6 15: 54-58. 

fauroee) UO. Holzner, H. Gastorph, (Fs Hull, and en Schwerzerig 27/47 
Genetic analysis of non-complementary fatty acid synthetase mutants 
in Saccharomyces cerevistae. Molec. Gen. Genet. 129: 131-148. 

Thuriaux, P., M. Minet, A.M.A. ten Berge, and F.K. Zimmerman. “1971. 
Genetic fine structure and function of mutants at the tlvi-gene 
locus of Saecharomyces cerevistae. Molec. Gen. Genet. 112: 60-72. 

Touré, B. 1972. Double reversal of gene conversion polarity and multiple 
conversion events in the Locus '14'' in Podospora anserina. Molec. 
Gen, Genet. 117: 267-280. 


Unrau, P., R. Wheatcroft and B.S. Cox. 1971. The excision of pyrimidine 


ob 


> 7» pene. 
TK A Y 
My ae Aa > 
«@ frill lead. siti hae 
! = we : 


* . ay 
i Mb kes Ga inde 


Wee | aD. 90) as 


ae aes 2 tae a att os #2 


mh ne 4 ; 2 a oy ee 4 +0 ate sat. # 


n 7 ov 7 
. Ae g% Fer as 
: - as 3S 
1 .8n90 ome tA 6 ate 
P - Te — 7 
| Db, ay Ly oe ~ De mt T a tam 
: ca ae _ . 
bat (Te, wee MLA tone ih atid 


i 
" 1 i : 
“4 
: re \ oJ Sect 
4 a 
‘ ; if Leia € . in 
an 95 ; 7 
oe ae = ‘a ' J * pon wah, A be 
? ‘ 
d at iMistwd ae) bie 1 Peau 


fait he > hh Ait: toll wi ie 1.0 rust 
: ’ : r . 4 a 
cl 2 pag Fahy qs iG stile ohanee) 


a ’ j 4 f ‘i > Ay? : = 
: = ~~ - 7 _ 
j | i i a.) (¢ . §(ocs See gales : 


j fi a “Yer, hone fig ie ina 


(o> hongD 


yi 
ies Wi) Thy ii Fults os, 
- - 


7 


dimers from DNA of ultraviolet irradiated yeast. Molec. Gen. Genet. 
USi359-362. 

Wagner, R.E. and M. Radman. 1975. A mechanism for initiation of genetic 
recombination. ProcegNatl., Acad ssSev. aS. / 22361 923622. 

Wheatcroft, R. 1973. The genetic control of DNA repair in yeast. 
Deena Thesis e Universi ty moe Ox Ord ine lands 

Whitehouse, H.L.K. 1963. A theory of crossing-over by means of hybrid 
deoxyribonucleic acid. Nature 199° 1054-1040. 

Wiatehouse: HoLaKk. 2974) ~Genetac analysis of recombinations ae cheag 
locus in Sordarta fimtcola. Genet. Res. 24: 251-279. 

pnetencnees Helak, and Pid. Hastinos. ~ 196s. he analysis of genetic 
recombination on the polaron hybrid DNA model. Genet. Res. 6: 
21-92, 

Wildenberg, J. 1970. The relation of mitotic recombination to DNA 
replication in yeast pedigrees. Genetics 66: 291-304. 

Witkin, E.M. 1966. Radiaticn-induced mutations and their repair. 
Science 1527//1345-1353:. 

Wyssling, H. 1972. Genetic fine-structure analysis by means Ch MUTOLLC 
recombination in Schtzosaccharomyces pombe. Ph.D. Thesis, Bern, 

Zickler, H. 1934. Genetische Untersuchungen an einen heterothallischen 


Askomyzeten (bumbardia lunata nov. spec.). Planta 22: 573-613. 


= le rr but ’ 


7 
A .. = 


array 2 firs) ‘| eer 
| ‘ON, 


- 
“ 


j io Bee Es ti! es Pau} toa, A 


—_ a vee. 
7 ie eh. iy, es wall: JeaaK, anwr 
‘ o ; : 


' U f Py a ae F - 
hea 1 ) Cee ei « iP Daley: ote, on ee : 
r 7 1 a 
. 7 
; ay: ay Sa +4 i - ve | A . iz ~~ 
} ne ‘ yreetwv thy _ 23 i 
‘ : aie > 7 


4) | jie wii” 2 AOA I A Aut i 


we 
ipod uf 2 sdoghe egy rai iin § 
. 7 
adamavicts 4 oe ee 
7 
> 7 ‘4 1 1) Reg wa ® ai 


M ; nt 4 i) inte él a 
_ 
_— 


' ; t Wy fn Fe? 

| a 

‘i i 4 4 fw Barton 

= 
, Non ie veg eats veal | ii ii 
| ales 
7 a « 
she) iv DSP 
. _ 
j j “;* aiy ake not oh bl " 


pa : : _ 
io imrpe Dt ms bir, 2% ‘le { f wi laa 


ret } ip ty Pit arias raat 
» , ih 


vet Spe vit rey 


APPENDIX I 
Pedigree of Strains Used in this Study 


ais 
XV162-2C 1403 X2280-4A ¥3417=32¢ 1403 
| Al A2 (ee eee 
| 
Neal A2-1 A4-3B 4932-44 

A3 | | AS | 
3 | 

A3-1 A5-1 
ee oe 

i ees 
A3-1 A6-4C 
| AT 
nga NAG 
(oe 
Asai A8-8A 
| AQ ; 
heal A9-28 
eee Ue 
sa 

Peal A10-13B 

La 3 
e 
hoon A11-4B 
| Al2 
A3-1 A12-7D 
[ae ae 
| 
A3-1* A13-5A 
oe 


* Carrying Zeu2 mutation induced by UV irradiation to 10% survival 


(Cont'd) 


A14-33 Al4-137 


| He Oenad 


Ce A14-76 A3-3 


| A176 | 


Al4-2 Al76-1A 


Len | 


* Carrying a secondary mutation in SUP6-1 


e H14-28 A3-2 
A28 | 
Al14-69 A28-1B 
[eeel52eeeee 
ie AYO TB A14-11D 
| A15 


(Contd) 


a 


te. Aah 
fri, ta) ; 
7 7 : ,, 


i 


Al4-2B A2-1A 


A14-93 Al4-1C 


I ed) 


A14-109 _ A14-3C 


| 7 | 


A14-133 A3-3 
| A133_ 


Al4-2A A133-8C Poa 200 Al4-2A 


ee |v] 


ELEN Al4-115 
| A19 


Al4-15 A3-3 
A22 


(Cont!d) 


dead | £4:5<51R. 


a ee 


OF RELA 


197/2d(rad1-5) A14-2B 
A019 
AD192A ASO-13A 
A018 
A018-2D A14-2B 
AOI? | 
A017-8A A14-136 
| _A016 
A016-13B A016-4A 


| A011 


uvs1-2(rad1-18 ) A3-3 
[_____na__| 
A&19-18B A3-2 
| A818 | 
A818-4C Al14-2B 
A817 
A817-1C Al14-11D 
[| _Aa16 | 
A816-4D) AS16-4A 


| A811 | 


(Conte) 


7 | a 
i iv a | f (J i 
{8A 


* High spore lethality. 


128 


197/2a(rad2-6) Al4-2B 


| A029 | 
A029-8B Al4-2B 
A028 


A028-8D A50-12A 


OZ ie | 


nS | 
N027-7B A027-10 


A027-4D A027-7D 
A021 A022 


197/2d(rad3-2) Al4-2B 


AUSo* | 


A0Q39-2B A50-12A 


| A038 | 


A038-2B A50-12A 


| 1037 


A037-5B 


A036-6C A036-6A 4035-13C 
| AO32** | ADB 


trps-28 suppressed in the absence of supée-7 


ade2-1 and can1-100 partially suppressed in the Presenceron Suro] 


cani-100 not suppressed in the presence of SUPé-] 


(Cont'd) 


TO Spe "ih wile i) ore 
7 a 
ik At Bar il eS 


a, 7 1 ; , ie 
: 


£23 


197/2d(rad4-4) Al4-2B 
A049 | 
A049-18D AS50-13A 


Lae | 


AQ48-1D AS50-12A 
A047 


A047-1D Al4-2B 


| A046 | 


A046-5A A046-1B A046-4B AQ46-17C 


noe LS ee ESRC ee 


197/2d (rad16-1) Al4-2B 


[| Ale 


AE 


A169-26C A50-13A 


L_Ave _] 


Al168-5D Al4-2B 


Al67 | 


Al167-28B Al67-29A 


| _Al61 J 


ANI TGA ’ Hts! 
Lt Nei” : 
ipeoe f fia thi, | 


i] 


— — oe 


Se 133/3a(vrad18-1) ed 
[ars A189* | 
A189-3B AS=2 
| A188* | 
A188-1B A28-1B 
AIS7* | 
A187-3B Al14-69 
A186* | 
A186-3A A186-3B A186-13D 
fet = Lee BM 
eee 
oS 


trps-48 suppressed in the absence of SUP6-1. The degree of 
Suppression of ade2-1 and can1-100 in the presence Of SUP6—7 


was variable. 


Lae 2 <=) ee - 
vritry wot net 7a ni 2rarayu2 
i >. a 


2 7 - _ 7 
al it banae nig 2 MS -oge ’ 
ew 7 


< 


' : q 


13) 


T 0 0 0 0 oO” 0 0 0 T ) H+ ete oem tee 
9 0 T T 2 0 0 iL 0 0 il ee ale 
et 8 4 9 45 4 2) T i € € fp eet pe ott 
ce 8 9 8 i Zz T 0 Z € v7] ee cate 
fs 4 OT ¢ Jae S S 8 9 z 6 SE a cae 
OL OT Tt 8 ¢ $ 9 3 9 (s SE peme matt toe watt 
9aNS JO NOLISUAANOD 
T T 0 0 0 0 0 0 0 ) 0 ee 
x 0 0 ii 0 0 0 0 0 0 0 pope step tos mote 
T 0 0 pee 0 0 0 0 0 0 0 dete ate cote ten 
T 0 0 0 0 0 T 0 0 0 0 eon tet tHe ott 
qt T 0 0 0 0 0 0 0 0 0 eS Cr Gos SITS 
t 0 0 0 0 0 0 0 0 0 i Se ee I Ee a a oe 
G I i 0 0 0 0 0 0 0 0 emnet tt tee ott 
4 0 0 0 0 0 0 0 0 T T HHH ocnct cote otto 
sesgueyoxa arzdzqqTnu 
ez Z Go! 8 0 z € € é z a Hee cee tte ott 
z9 tT Zi z 4 f 4 9 ” 0 yT pep onte- tte-  -o+t 
TTT €T ZT vas See Z 6T ET 9 9 gt ated cote tte ott 
agueyoxo sTsutTs 
cost ELT €8T 64T QTT SOT 9ET SST 611 SIT 8LZ rite err eee 
NOISUAZANOD ON 

: €S¥ 

78TV 770V TEOV 7COV TSV 

ee TS TV T9TV __TvOV TEOV TZ0V TIOV TIgvy _OS¥ 

TVLOL g& 1-9 Bec? Bee ta6 Pes lagi ees Ea PACS ees aid Poet RES AS AE Sor eyes, avd 

spfotdtp jo sasseTo BZuTMOTTOF Vy wWorAZ Fose JO AqUNN 
OTIeu T-9dNS + oven OT39u T-9dNS dk 8 
re X=T-9dns TOpo ¢cSty oP a “Topo? 7Sty 


e 
addyoues au Jo spyoTdytp worz Fose jo uotadzzoseq 
; II XLpueddy 


ai 
a 


- 


he ~ 9 be 


vc 
ea 
a 


~y 


uJ 


— 


re = 


gain i seg: ae = ‘3 fee be. 198i 
o- = - ; - 


A nh 
‘ 

L f C : : 
} “es : ofa. 

— > ee —— 
; oe = ——- 
- ad oy an 7 
9 ‘0 ’ - : = | 
| , — ieee “ur oo 
. ; . ——— ae a 

a . 

_ J Q . 

) | Rae fee Se 

— a a 
Py % *~ 
2 
Oz i ‘ 
A 
= a e bar 
2 
‘ a —. oo —~. 
va - — —— 
' Dy a 
- -——- 


Loz 


c T 0 0 0 ie 0 0 0 0 0 Sehr sae 
T 0) 0 0) 0 0) 0 0) 0 0 it arel@l@l Sa 
T 0 0 0 0 0 0 0) 0 0 T dd+- +dd+ 
é 0 0) 0 0 0 T 0 0 0) T oes SRR 
€ ut 0 0 0 T 0 0 0 0 T ike Same 
7 T 0 0 0) 0) 0) 0 0 i c ats Cea eect fe 
if 0 0 0 0) 0) 0 0 0 0 i =uh>  S=35b 
ie 0 0) 0 0 0) 0 0 0) 0) L Gie= Rey 
T 0 0 0) 0 0 0) 0 0) 0 i did tata 
ie 0 0 0) 0 0 0 Hi 0) 0 0 adm daa 
i 0 0 0 0 0 0 T 0 0 0 +d--  -d-- 
iH i 0 i 0 0) 0 i 0 0 i Sakis Sear 
€ 0 0 1 z 0 0 0) T 0 i 0 gticlel =e 
i 0 0 0 0 0 0 T 0 0 0) “== SSime 
T 0 0 0 0 0 0 T 0 0 0 trel=ip SSS 
i 0) 0 0 1 0 0 0 0 0 0 qt et at foo 
9dNS AO NOILVORYOES 

Z 0 is 0 0 0 i 0 0 0 0 imme ARee 
i 0 ig 0 0 0 0 0 0 0 0 Sa Sea 
ie T 0 0 0 0 0 0 0) 0 0 a 
€ ie 0) 16 0 0) 0 0 0 i 0 SSeS SESE 
770 

Z 0 0 T 0 0 0 0 0 T 0 —t=4+  fH4+ 
T 0 0 0 0 0 T c 0 0 0 <---  =4-= 
4 0 0 0 0 0 T n) 0 ii 0 $--- $44 
i 0 0 0 0 0 i! 0 0 0 0 —tHt  +4-+ 
fi 0 0 0 0 0 il 0 0 0 0 +H $-4 
4 T 0 0) 0 u 0 0 0 0 0 ++-+ 0 -+4+- 
u 0 0 0 0) T 0 0 0) 0 0 Sear Sea ee 
i 0 0 0 0 0 0 0 0 0 T —aeime  SSanp 
t 0) i 0 0 0 0 0 0 0 0) Sree ae 
iT 0 0 0 0 0 0 T 0 0) 0 Tae | APS 
ie 0 0 0 0 0 T 0 0 0 0 Se ee 
r 0 0 i 0 0 0 0 0 0 0 ttt -4-- 
ij 0 0 T 0 0 0 0 0 0 0 = SSA 


+H-- 
see 
—-H+ 


(P,340D) 9dNS ZO NOISYAZANOD 


TWLOL €-1-9dns 7-[-gdns [-gypea LOL es y-7pet ~-€pel  Q-7pei C-Tpei  g{-[pea _ ava 


Cal oa t Qh OS Peewee’ 


7 
ae ore > c>-3¢ a@ 
; a \ Se | 
ewes 
: ew > 2 CT es 
y 7 7 
= U 
73a 


~~ 


[wee Botany oie cre, 


i, 
ake a 


i 
i 
i 


1335 


T T 0 0 0 0 0 0 0 0 0 alee con oS 
: T 0 0 0 0 0 0 0 0 0 siaiateiaet oe pecs pe 
T 0) 0 0) 0 0 0 I 0 0 0 Teste eet pt ei 
T 0 0 0) 0 0 0 0 T 0 0 sie es A ee ae SS 
T 0 0 0 0 0 0 0) 0 0 i se te eo 
I 0 0) 0 0) 0 0 0 0 0 T ttt t+ HH +H 
T 0) 0 0 0 0 0 0) 0 0 T i a es ee oe cae eT 
T 0 0 0 0 fe 0 0 0 0 0 ~HHt  -+t- OH  H4-- 
3 T 0 0 0 0 ‘i 0 0 0 0 t--— Ht Hp 
c 0 0 0 0) 0 0 0 0 i T ~HH- HH-- HH - = - 
€ 0 0 0 0 i! 0 0 0) I ii et el eee oe 
S 0 CG 6 0 0 0 0) 0 0 T Tier geese Gere Se 
9 0 S il 0) i T 0 0 0 0 Saas SSSR cee dees 
cSt4U dC NOISYAANOD INZQNAd3qNI 

HLIM 9dMS 40 NOISUZANOD 

T ) 0 T 0 0 0 0 0 0 0 tdt++ +d++ ---- -4-- 
4 0 0 Zz 0 0 0 0 0) 0 0 oe tt ee 
Lt 0 0 iB 0 0 0 0 0) 0 0 Ba cere ai cata an 
T 0 0 T 0 0 0 0 0 0 0 ~d++ +++ 4¢--- +-- 
T 0 0 ii 0 0 0 0 0 0 0 tddd  --++ +-- --+4 
a 0 0 0 0 0) ii 0) 0 0) 0 ~dd- t+4+-+ +4--) --+4 
T 0 0 0) 0) 0 it 0 0 0 0 tdt++ -t-- +He-- --++4 
: 0 0 T 0 0 0 0 0 C 0 td-+  --4-  t-- 
iE 0 i 0 0 0 0 0 0 0 0 sd--  +--- 44--  --44 
v 0 ii 0 0 0 0 0 0 0 0 +d-d  --++ +4-- --44 
z 0 T 0 0) 0 0 0 0 0 a) ~dd- ++-+ +4-- +H-- 
2 T 3 if 0 0 0 0) 0 0 0 eg tee 
T iE 0 0 0 0 0 0 0 0 0 ~d-+ +H+- +H4-- --++ 
T T 0 0 0 0 0 0 0 0 0 Sd-=) Spe ae eae 
T if 0 0 0 0 0 0 0 0 0 dt +tH-+ 0 -4e- 0 --4y 
T T 0 0 0 0 0 0 0 0 0 wd H+ Hie He 
4 % 0 0 0 0 0 0 0 0 0 -d-- +++Ht Oo H-- --H4 
t 0 0 0 0 il 0 0 0 0 0 tddd t+4+-+ --t+-  --++ 


(P,3U0D) 9agNsS go 
NOILVOFEDTS OILOIANLSOg 


TWLOL €-{-9dns 7-]-9dns T-8TPet T-9Tpet y-ypez  7-Epea 9-cpea S=1Pe4 > el = [pea ava 


a 7 7 , 
Ve - 
4 t 
- : : 
| a 
oot ibe ee >. 
cr a 7 A 
1 
; - 
¥ 
) cz € , 
ee. i 
. 
ro Olio Oe OF ge 
a! 
. U 
ey 
2+ 2 beeen oe & & 
7 
nn | " 
> w i 
i? 
Bt 
b ia Bee Oo > 
> ! 7 
7 i 
- 
oo 
7 | wy — a 
2 ish eweerge ao & 
i} . 
1aenRreaece 
; : 
: 
7 
ns a = =e > = ms 
% + 
7 ¥ 
ars ~i . 


| i 
aes es 
meee: ie ere 


134 


AA AN HAAN Cah Coe tae litle tee! Coste Yt tea | 


ANA AHA YA 


qo 


TVLOL 


0 0 0 0 
0) 0 if 0 
0) 0) T 0 
0 0 it 0 
0 0 0 0 
0 0 0 il 
0 0 0 0 
0 T 0 0 
0 il 0 0 
it 0 if 0 
ie 0 0 0 
it 0 0 0 
0 0 0 T 
0) 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 ic 0 0 
0) i 0 0 
T 0 0 0 
0 0 0 0 
T 0 0 0) 
0 0 0 0 
0 0 i 0 
0 0 0 0 
0 u 0 0 


€-T-9dns 7-T-gdns T-STPpet [-9Tpes 


SNOOT LNAYOVCGVY NV AO 


NOISYAANOD HLIM 7:0 ¥O O:4 9ans 


0) 0) 0 0 it 0 
0 0) 0 0 0 0 
0 0 0 0 0 0 
0 0 0) 0) 0 0) 
0 0 T ) 0 0 
0) 0 0) 0 0 0 
0 0) 0 0 0 T 
0 0 ) 0 0 0 
) 0) 0 ) 0) ) 
0 0 0) 0 ) 0 
0) 0 0 0 0) 0) 
0 0) 0) 0 0 0 
i 0 0 0 0 it 
0 ) 0 0 ) if 
) 0 0) 0 ) T 
il 0 0 0 0 0 
0 0 0 0 iE 0) 
0 0) U 0 0 0 
0 0 0 0) 0 9) 
0 0 0) ) 0 0 
i 0 ) ) 0 0 
) 0 0 0 0 T 
) ) 0 0) ) T 
0 0 0 9) 0 0 
0 al 0 0 0 0 
0 0 0 On 0 0) 

(P 


oH te HR rH 
HHH t-- $e HE 
~H+ t¢-++ +-- H-- 
H+ to Hee 
m--- toh OO HR-  d-t 
dt+-- +++ ++-- --++ 
sto- tem HE -- H+ 


OTI9u FO NOISYSANOD INFTGNAd 


“-HZQNI HLIM 94NS JO NOISYZANOD 
meee tt—$ faa mE 
etal potato cetera = = 
H+ HH Ht 
tot- HH tH H+ 

: HHH HH -te- +4 
HH+ +H H-- +4 
toot a He rt 


7T9P2 JO NOISYAANOD INGONYd 
-dQNI HLIM 9dNS dO NOISYFANOO 


HH+  =-t-  -t--  H-- 
HHH te --t-  H-- 
He Ht OHHH 


43409) ZSTY JO NOISUZANOD ING 


~NaddqNI HIIM 9dNS JO NOISUTANOO 


- EO —__— 


y-yped 7-¢per 9-~pea G-{[pet gI-Tpra ava 


+ 


mi 


; he a 7 pt 


jis = “GA fy 
a | 
i, aoe SS : ae er 4 = 
— a | 
_ a 1% 
Fhe) ; 


oes ee 7 ar Ae 


7 


7 


o 


Is 


T 0 0 0 0 
T T 0 0 0 
T 0 0 0 7 
z T 0 0 0 
9 T Z 0 0 
8 0 I I 0 
T 0 0 T 0 
i I 0 0 0 
i 0 0 0 0 
I 0 0 0 0 
ic 0 0 0 0 
€ 0 T 0 0 
”} T T 0 0 
T 0 0 0 0 
i ) 0 0 0 
9 € T T 0 
g z g z 0 
T T 0 0 0 
T 0 0 0 0 
Z T 0 0 0 
i 0 T 0 0 
3 i 0 0 0 
T 0 0 0 0 
I i 0 0 0 
T 0 T 0 0 
a Z 0 9 0 
tL € 0 Z 0 
IT € Z i 0 
ZZ n 4 ie 0 


TVLOL “E=T-9ans Y=T=-9dns T=-gTpex T=-9Tpea 


OS O°S@ OO Se ees Oo SS rf rt Oc 


Sort rt OOS OOO OO 


Tope 


SSO e—| Joao qe & Sh (SS) (ST eo i 


al (SQ) (SIS) (SS) (@) Cy fe) &) 


eacr 4 


Oo COO ot © re OO SO So oS SPS ake) Ge) 


(hel tad TS OS) Sys) (ere) eS) ©) 


9-cpes 


tot mt HH 
HH mt tHE 
tt-$ $= ante te 
+t-+ H+ HH tt 
mate tt HE ++ 
+H-t HR -  H---Ht 


~ O30 GNV 7T°Ppe 
9dnS 40 NOISAXANOD-O09 


m-t- tet feet =H 


—te-  -te-  pte- mt 
tot ttt tH t+ 
ttt -t-- H-- OH- 
t-H t= -t-- He 
tH HH HR 
st--  HR-  HR- tH 


z 719P2 GNV ZSTU 
9df$ 40 NOISYAANOD-09 


+H+ --t- HR- H-- 
dt+++ +4--  +t-- ++ 
moat Ht 
HHH HH 
+H+ H+ Het 


OTI9W CNV 9dNS AO NOISYAANOD-09 


tH Ht t+ 
Hott tote te HE 
tot wate tte ent 
—+—-= eo ——++ ~—++ 
tHt+ fem ttt 
t-t++  t-t- t= tt 
Ht t-te HS 
Ht te HR rt 
st-+ He HR- --tH 
tot tH ttt 
mt-st tH tt 


7TOPS GNV 9dNS JO NOISYSZANOO-09 


0 0 0 
0 0 0 
0 0 0 
0) 0 0 
0 0) 0 
0 il ¢ 
0 0) 0 
0) 0 0 
0 0 0 
0) 0 0 
0 0 0) 
0 0 T 
0 0 i 
0) 0 0 
0 0 0 
0 0 It 
0 0 iL 
0 0 0 
@ 
0 Hi 0) 
T 0 0) 
0 0 0) 
0 0 0 
0 0 ie 
0 0 0) 
0 0 0 
0 0 Y 
0 0 € 
ii c 0) 
0 ip € 
6 


=Tpel  O7T-Tpes 
S152 8T-Tpes = 


ava 


vrs 


a ” GO enGp fp _ 26 


: 


- my P 


136 


(300 Teal 


pms Waban ic—) eat atpey 
NO 
Hd 4 


AAR MS 


TVLOL 


0 0 
0 0) 
0 0 
0 0) 
ll 0 
0 0) 
1 0 
6 0 
c 0 
0 0 
0 T 
G 0 
0 0 
0 0 
iL 0) 
0 0 
0) 0 
0 0 
0 0 
0 T 
OT 6 
9T 61 
0 & 
€ T 
0 0 
0 0 


€-T-9dns 7-]-9dns 


0 0 
G 0 
§ 0 
0 0) 
c il 
i 0 
iS T 
c 0 
il 16 
0) 0 
it 0 
0 0 
0 0 
0 0 
0 0 
0 0) 
0 0) 
il 0) 
0 0 
ii 0 
OT l 
6T 7 
0 0 
il 0 
0 0 
0 0 


T-8TPet T[-)Tpes 


imuhiml Col) Key (Sire) Sy 


rl OO © ah 


OLOTOTOre | 
l= 


BS) (=) S) 


7-pe. 


NECN Ser ee 


iS 


Go e ee 


ANDNHHO 
=a) Cal 


SLOEOTS) 


€-Epea 


ANOHH OOOH SO Oso SSS 2) Si SIS) ws) = 


lal a] 


al Fah ar) 


9-cpes 


MySay, Se 2S 


SOS ooo 


(Si Vay (a) (ey Xe} (S) 


qd 


SVS Sie; 


G-Tpea 


Silos SogS 


Saye 


IS a NS) ee) Guise) | 


SOHO 


8I-Tpea 


Sop a) al (onl (SN Kea )(ealeny La) 


ISIN Ero O1oneonere) iS ee) 


are 


IS SS) 


ETE 


Sood 


HHt+-  -4+-- 0 --44 
—-+-  --+- 44-4 
too > tH HH 
soe ty 
t-t> te =H 
mam HH 
—-+-  H--  --H4 
t+H-- He Hp 


7T9P9 JO NOISYAANOD 


t--t tH 
“t-+ 0 HR- Hy 
+-t—-  H4-- = -4H4 
HH4- +H -- 4+ 
--+-  -4--  44-- 
m—$- 0-4-0 fy 


Topo 
ZSTY “9dNS JO NOISYAANOD-09 


a 


OT32W any TD 


137. 


T 0 0 t 0 0 0 0 0 0 0 mot t= HH He 
é 0 T 0 0 0 T 0 0 0 0 Sa Se 
4 0 0 0) 0 0) it 0 0 0 ie qe SS ee L 
VT°P2 GNV ZSTU dO SNOISUSZANOD LNAGNAdAQNI. 

Z T L 0 0 0 0 0 0 0 0 t-t++ +4-+ HH =H 
1 0 0 0 0 0 0 0 0 0 t t-H+  --t- HH HE 
fc 0 0 0 0 0 0 q 0 0 0 ——t- 0 t= HH =H 
t 0 0 0) 0 0 0 t 0 0 0 sat te HH HH 
T 0 0 0 0 0) 0 0 0 0) T tat ttt tH - 
3 0) 0 0 0 0 0 T 0 0 0 t-t-  HH-- HH 
OTI9W ENV ZSTY dO SNOISUAANOD INACNAdAGNI 

Tt 0 0 0 0 0 T 0 0 0 0 t-te HHH 
T 0 0 0 0 0 T 0 0 0 0) Hath to HH $+ 
T T 0 0 0 0 0 0 0 0 0 thot mt te HH 
€ 0 t 0 0 < if 0 0 0 0 th +4-+ 4-H 
T 0 0 0 ) 0 0 ) 0 0 fe a ee a cet 
er 0 0 0 0 0 0 0 0 0 ic t+ $-4- 0 He Hy 
ei 0 0 0 0 0 0 T 0 0 0 Het 99> He --t+ 
T 0 0 0 0 0 0 0 0 0 T HH+  +--- H-- == 
£ 0 3 0 iL 0 0 if 0 0 0 en ee ee ee 
TZ € € € 0 © 0 4 T € € acre Gaia re ld Parent 9 a 
62 S 9 € 0 uf 4 0 0 it 8 ttt te +4 - --H- 
OTI9" JO NOISYFZANOD 

us 0 0 0 0 0 0 0 0 it 0 Gere Gaesp Sy cab 
7] E Z if 0 0 0 0 0 0 0 moo HE HH: 
S 0 € 0 0 ul 0 0 0 0 T t+ tt oH HG: 


7T9P2 CNV ZSTY JO NOISYZANOO-09 


TVLOL €-1-9dns 7-T-9dns T-S1PP2 [-9Tpet y-ypei  ¢-¢pea  9-zpea S-TPpePt g[-Tpe2z 4 ove 


SNI0OT Tsyoue fo uotszaAuoD jUspuedepuy yITA Jose SOPNTOuUT 


lé 

edkjzouseyd rzosseaddns ayq 03 Slejor - 
uoftsseiddns jnoyjy~m ‘edéjzouayd ed43-pTTM ay} 02 szajor + “QdnS 20g I 
T 0 0 0 0 0 0 0 0 p 0 m-d>- +4-+ +4-- --++ 
T 0) cE 0 0 0 0 0 0 0 0 t+tdd t+4+-+ -t--  --++ 
T 0 0 0 0 0 0 0 0 0 i Gru SSP Sere SSE 
9dNS ONIATOANI LON NOILVDAYOAS OILOIANLSOd 
iL 0 0 0 0 0 0 t 0 0 0 Ree Se ee 
OTI9W CNV YIOPS *ZSTY JO SNOISUZANOD INICNIdAGNI 
iL 0 T 0 0 0 0 0 0 0 0 Siseame Sete ete EE 
T 0 iE 0 0) 0 0 0 0 0 0) SSS yar er Se 
i 1! 0 0 0) 0 0 0 0 0 0 Saar Spee eS SEL 
iL T 0 0 0 0 0 0 0 0 0 aS Se Ga SE 
i ie 0 0 0 0 0 0 0 0 0 oats hs wee Os cae) gai 
i 0 ) 0 0) il 0 0 0 0 0 Seu mee ee 


OTI9U GNV YTOP2 JO SNOISUAANOD INFANAdACNI 


TWLOL €-I-9dns 7-[-9dns [-gTpea J-91per p-yper Facpea Q-¢pet ¢=[pet  91-1peat ava 


139 


(p,2uo0D) 

966° Ig ZI1 
966° live SII 
676° o¢ z 

766" S9 LS 

1Z6° 72 Tz 

166° 8 Tp 

866" 6P 90T 
v66° Sil Z9Z 
666° Le Z8T 
966° Lz ZL 

966° pp pl 

S86" 6Y gc 

866° 0 CLE 
966° fyZ Sol 
SL6° ZIrp Spt 
966° g 661 
666° 6ST T9¢ 
L86° SS cs 

996° 7 6 


OcvI 796 869 89¢ 
Ort O9TT 999 I6¢ 
voc Ove 961 86 
STZ S8S 6rP C97 
822 bet £9 cv 
vos 6LE vc~ cet 
OTST 666 cL9 LIV 
O8T¢s OSIZ OCLT 16S 
061? I09T OTOT Lop 
L£V8 A SVL Lvy 1S 
OLTT Sv6 v99 KES 
89P Op EMS O9T 
O8bL OSTE O9T? OcIT 
09772 OILT Opel £29 
O9T9 OZSS 00S OL0S 
08rd OfZT OLOT vis 
OSSb O2rs Ob 974 0921 
99 82S LLE br 
Sil £8 Sv O¢ 


LY 
ve 


6IT 


GS 
092% 


OV X é-I 


Gail 2s Gale 


SIGE 2S GFL 


GEDE 2S Fe 


PIE 2S PAE 


YE 2S BSE 


— aaa. ee ee ee ee eee 


esop *sA Aduanberz ydorz0301d gOI X sydorz0j01d pety/,01/sydor.0.024 PeIY ZI P®lY 6 pety 9 pety ¢ peasy o 


TOF ZUSTITZ F909 uoTIeTeri07 ydsozequr XK 


adots *SOSOp LOF ,OT x Aouenbszz ydor203z02g 


SOTSTIV 


ice ee 


“UOLZELpRAdL euuueh Aq szueULquOda4 31404,W Jo UOLZONpUL aul 


III XIdGNdddv 


Tie 


ett 
rans 


7 


See 


EE 
-_ 
2 
"ry 


_ - 
is = ty oe ) of, 
a te ee 

‘wel net) ce 4 L 
= = 
- 


oo 


. | pal 
LVF faq AIL Oh MATOETS v 


140 


(p,3uU0D) 
196° S 5 OL LY (0) 3 61 Il 
C26. NG ct 681 80T Cav Ge 6 
CEs 6T 9 S8 cL 8S HE yZ fefad PSA 6 
L86° it LG 092 yOT I0T vY S 
S66" ea! 6 Se L6 S9 Ip E 
£66" Sil val a (el 6vl 96 c9 6 IIE 2S (HE 
8r6° vi 9 98 9 69 vs 9 Catk MG al 
766° 96T OTs OL6¢ Ovl7e SOLT S8OT S9 
S66" Git SHIECE 0692 OS6TI OLST TSZ 6S OG alexa Car 
966° ss Sie y98 SiGe C8Y JES Tat 
$66" 8T Ist O8st 6fé1 yS8 69 vay 
y66" 6S BOS: = 8062 LUGE v6 6S Pe 25 Aes 
766° 9 ce S6¢ 61¢ O8T 98 Sc 
966° 8T LG Ove 897 S8t OTT v 
p66" Sz 8z p9S 8LZ pol OTT I¢ 
786° eT 4 otc vst £76 Sig ib 
166° Sik sire 882 CO? 89OT S6 3 
v86° SZ Iv 98P 96¢ Wow Zane 8T 
666" if 0s z09 9S 61g orl 6 
766" ie Lz 19¢ rL2 pLt LS6 bp 
6b6"° os eG pos Ove 961 86 Iz 
666° eI L8 Ovot 618 Bos L9Z Ol 
766° L ze 60b LLZ SLT 66 £2 : 
£66" 02 8s ZSL £6 69 L6I 62 
686" z8 102 0292 OL9T OOvT 179 at C= Fecadan 


qUaeT2TZZ202 uot IBIeI109 qydeorequt A adots Pety ZI pety 6 pedy go peazy ¢ pery 0 SOTOTIV 


A 
4 


bg 


was 


Le) 


«4 
* &% 

2! 

mS 


a 


141 


(Pp ,3u05) 


886° 
S66° 
00°T 
SES 
046° 
£86" 


S66° 
SIS) 


9¢ 


HS 


69Z 


Lvl 


We 
SvT 


68 
Bz 


8S 
c6 


Ov 
£9T 


cv 
(Gs) 


902 


9L 


Oh 
S6 


61 
v9 


a4 


miu 


TI 
SP 


DEE 2.5 EAE 


IE 2S (AE 


OV X @-T 


ISIE 2S BAIL 


IBEIE OS AVE 


ORENE 2S BIE 


ec ee eee ee 


ZUSTITFFI09 UOTeTeI109 


qdeszequt A 


edots 


Pety ZI pety 6 pety 9 pezy £ pety 0 


SOTOTLV 


142 


(p,3u0D) 

0z8° 99 62 89 £82 Olr OzI 91 f-leXs0T- 1 
SL6° 99 pl OvoT 879 LSp 8S¢ 9 OV X OI-T 
086° 91 08 Ovol L6S SIv pz 8I G-I X OI-7 
966° 6 8T 82Z 8ST iii LS at Dis Aegr ey 
086" S 8 SOL L8 or 4 ZI OL-E Xr 
666° es OL ZL8 LOL SO 992 Ly Oe-k Xoo 
766" Zyl rat OST 0921 856 91S SZ 6-[. x16 =) 
616° SI op Lvs vrs 62 £21 SI Safe asia 
£66" 8 6S Lee 906 ZvE SST Sp OY X O-I 
£86" ¢ ss $39 02 voc rat ra GS-1 x 8-5 
708" 9 OI y9T 6¢1 y9T 621 02 Af ay OO SPS 
086° £1 8 SOT O0T z9 op 8 OL-E X g=r 
666° LE rae Oz LOT OZT LE Or OcIeXeGeE 
886" 62 OvT £781 LOTT 064 Ses 9¢ O¢=1 x 9=7 
P66" 6L 91 0L02 OOrT OZIT S09 by 

L66° 68 Sze 060 000s O8Zc,. OLZ1 cL 6-1 a0 7 
126° Ss Or pOs 09¢ rach Srl 91 

666° 02 £6 OSII TS 19S Org ZZ Oo Xe 9-7 
666" 9p S6 661T 788 919 ZOE Os OY <9=5 
S86: vs £S £29 ess 06 6L1 St 


666° 61 8Z Lye $92 68T 90T vt FAS 2S FFE 


VUSTITFZ909 uoTBLai109 ydoeszaqut x edors pery ZT pesy 6 pety 9 pezy ¢ pery 0 SOTSTTV 


ote = | gat. 


orbs 
Oe 


143 


(Pp, 30D) 

686" I 
966° SI 
766° Z 
Tee" (Spi 
£f6" Z 
066° 0 
966° £Ol 
L66° SZ 
86° CL 
916° 9z 
796° 6 
166° I 
S66° TS 
786° IST 
086° 98 
666° ZZ 
L66° Sz 
086" Ov 
176° Sz 
£66" £6 
y66" Sp 


SHE 


Ovet 
196 


8S6 


62S 


849 


BTL US ISN 
O¢-T X OV 
6-— X OV 
BIS 2S ON/ 

OY xX OV 


O¢@-T X S-T 


Os=ps 2S SE 


EPL 2S” ILVE IE 


O¢-T X OI-T 


MIG 28 E16 


I 


ZUSTITFFI0D uot BIsi109 


3desze3ur A 


edots 


PELX ZI PeIy 6 peay 9 peaye peasy 


eTOLTV 


@ 


‘Ts 


sifu 


@ 
i 


a 


1 


Sk he 
7 » 


Ea 


~ Pik 


‘pean 


& 
EL Rr ae 
a 


sea 4 
oa 8S 


pee 

bse “ennai a 
Baa ha’ 
i 


144 


Eom 99 OL Shc WRG f8l Tvl Lae OG-I X 06-7 
686° ve 62 OVvOT 8S9 L6P bos DS CADE 25 (STE 
186° 8I 9T 827 Esit S6 cl Le ae 2S 1GHIE 
0L8° WEE 6IT O8rt OSTT OOST £6Y ve OKE=JE 2S ASE 
766° 62 cer 25 OSsTT sts TES ¥Z BE 2S ISSIE 


Sp eT Eee ee ee eM eed Marae eR 


WUSTITFF909 UoTBlet109 qydaszequt A edo[s Pedy ZI Pety 6 petty 9 pBly ¢ peay oO SOTSTIV 


a 


7 7 - 
. , yon iM Ui 
lad a : i a 
7 my ' : a 


ices <a ae ar sg nage 
Pibecnndinadet gettiens meses 


Bo ey pe eRe 
Ae SOR NS oem pe ee RS EUR On re a OEE ge eerie ne REE NES TO 


See aes 
SORES Nn aan rasa de os AE 


